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INTRODUCTION 

The chemical warfare vesicant, sulfur mustard (SM), continues to be an effective 

weapon of terror more than eighty years after the end of World War I. Exposure of the skin 

and other epithelial surfaces to this agent leads to a reproducible pattern of histological injury 

(1). Despite considerable investigation over many years, no effective therapy currently exists 

for the treatment and/or prevention of SM induced wounds. It is also apparent that SM 

induces a secondary inflammatory response that may cause extension and prolongation of the 

initial tissue injury (2-4). PMN are the primary effector cells in the innate immune response 

against infection (5). When activated, PMN produce reactive oxygen species (ROS) and 

express a number of antimicrobial agents via exocytosis of preformed granules, all of which 

can be injurious to host tissue. PMN activation is a two-step process that requires an initial 

exposure to an agent that "primes" the PMN, and results in an amplified response to a 

secondary, or activating, stimulus (6). Priming is important in modulating the activation of 

PMN, since unprimed circulating PMN do not express the same antimicrobial capacity as 

primed PMN extravasated at the site of injury or infection (7). In vivo studies have also 

shown that the response from primed PMN can result in increased damage to host tissue, 

when compared to unprimed PMN (8, 9). The extent to which a priming agent enhances 

PMN response to stimulus depends on the concentration of and length of exposure to the 

priming agent and can vary greatly between different agents (7). 

Warthin and Weller in 1918 using human volunteers, observed leukocyte infiltration 

into the site of SM exposure within 30 minutes of the injury and persisting for at least six 

days (10). In a hairless guinea pig model of SM injury, Millard and colleagues documented 

recruitment of PMN into acute SM wounds as early as 3 hours post-injury (11). The PMN 

infiltration peaked at 6-12 hours post-injury and preceded epidermal-dermal separation and 

other adverse changes in the sub-epidermal region (11). In conjunction with these 

observations, Tsuruta et al. demonstrated the presence of mRNA for interleukin 8 (IL-8), 

interleukin ip (IL-iP), and growth-regulated oncogene a (GRO) in macrophages and 

activated fibroblasts found in dermal inflammatory lesions following topical application of 

SM (12). In an extension of this work, Tanaka et al. demonstrated that conditioned medium 

produced by cultured SM wounds at various stages of healing showed a high chemotactic 

activity for PMN. They identified the presence of several chemoattractants including 
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leukotriene B4 (LTB4), IL-8 and C5a in this cultured medium (13). We have hypothesized 

that cytokines and chemoattractants, which are generated in inflammatory lesions induced by 

SM, act through common biochemical signaling pathways to prime and enhance PMN 

function as well as prolong PMN survival. This could potentially exacerbate and prolonging 

the acute inflammatory response to SM exposure. 

Because PMN are recruited into areas of SM injury as early as 30 minutes post SM 

exposure, the possibility exists that the infiltrating cells may be directly exposed to low 

residual concentrations of SM present at the foci of injury. This is bom out by several studies 

that examined rate of SM degradation over time in aqueous media containing normal levels 

of saline. The half-life (T1/2) of SM in normal saline is 19-24 minutes and in blood the T1/2 of 

SM is 30-60 minutes (14-16). Since the peak time of PMN infiltration is 6-12 hour post- 

exposure and the initial concentration of neat SM at the skin surface would be approximately 

8 molar (M), there would be a residual SM concentration of 300 fiM after 6 hours at a T^j of 

24 minutes. The effects of direct SM exposure on PMN are unknown and we have 

hypothesized that low levels of SM, which the earliest infiltrating PMN may be exposed to 

could prime PMN functions and prolong PMN survival markedly potentiating tissue injury in 

the early phases of the inflammatory response. Understanding mechanisms that directly 

effect priming of PMN function and survival are of critical value in developing treatment 

strategies to limit the inflammation and secondary tissue injury induced by SM exposure. 

Controlling the inflammation and PMN-related tissue damage would lead to a decrease in the 

time needed to resolve SM lesions after exposure has occurred. This final report provides 

evidence that cytokine and chemokine agents expressed in SM exposed skin, do potentiate 

PMN function and survival. Further, we present evidence that direct exposure to SM primes 

oxidant production, degranulation, and phagocytosis by PMN but does not enhance their 

survival. 
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BODY OF REPORT 

EXPERIMENTAL METHODS AND PROCEDURES 

Purification ofPMN 

PMN were purified from either 100 ml fresh whole blood or from fresh buffy coats 

(purchased from the Texas Gulf Coast Blood Bank, Houston). Starting cell mixture was 

mixed with 6 volumes of pyrogen free ammonium chloride lysis buffer (8.02 mg/ml 

ammonium chloride, 0.84 mg/ml sodium bicarbonate, and 0.037 mg/ml EDTA in pyrogen 

free sterile DI HjO), mixed gently by inversion and incubated at room temperature for 5 

minutes. Lysis mixture was centrifuged for 5 minutes at 310 x g, and the supernatant 

discarded keeping the cell pellet. Cells were washed once in DPBS supplemented with 2% 

fetal calf serum (D2), and re-suspended in Ix HBSS with no serum. Cells were layered on 

top of a discontinuous gradient consisting of 1.069 g/ml Percoll™, underlayed with 1.090 

g/ml Percoll™ and centrifuged for 20 minutes at 450 x g. The PMN, located at the interface 

between the 1.069 and 1.090 Percoll™ layers, were removed, washed 2x in D2, and 

resuspended in D2. Viable PMN were quantified by trypan blue exclusion on a 

hemocytometer dilute to the desired concentration. 

Priming/Stimulation of PMN 

One million purified PMN in 1 ml of D2 were placed into each well of 24-well 

polystyrene culture plates or in 12 x 75 mm tubes and incubated with the a putative priming 

agent as indicated for 1 hour at 37° C in a 5% humidified COj environment. PMN were 

activated by the addition of fMLF to a final concentration of l^M and incubated for a further 

hour. Cells were assayed for ROS production, phagocytosis or degranulation as described 

below. 

Production of reactive oxygen species (ROS) 

Extracellular production of ROS in response to 1 /iM fMLP was quantified in primed 

PMN by oxidation of the chromophore p-hydroxy-phenylacetic acid (PHPA) to its 

fluorescent, 2,2'-dihydroxybiphenyl-5,5' diacetate ((PHPA)2) (17). Purified PMN were 

incubated with cytokines at the concentrations indicated or various concentrations of SM or 

for 1 hour at 37° C in a 5% humidified COj environment prior to the addition of PHPA 
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followed by the introduction of IpiM fMLP. Cumulative fluorescence was measured over a 

240 second time course using a fluorimeter. Intracellular ROS production was quantified by 

priming PMN as above before treating the cells with 30 |iM dihydrorhodamine 123 

(Molecular Probes) for the last 15 minutes of the 1 hour incubation with the priming agent. 

After 1 hour priming, IjuM fMLP was added to the cells and incubated for a further 1 hour at 

37° C in a 5% humidified CO2 environment. Dihydrorhodamine 123 (HjRhHS) is oxidized 

by ROS to its fluorescent product, Rhl23, simultaneously trapping the fluor within the cell 

due to its charged state. Primed/activated rhodamine-labeled cells were harvested and 

production of ROS was quantitated as the mean fluorescent intensity of rhodamine 123 using 

a EPICS XL-MCL flow cytometer (Beckman-Coulter, Hialeah, FL). 

Phagocytosis by PMN 

In some experiments, following pre-incubation with agents known to be present in 

SM induced wounds, PMN were harvested, washed once in PBS, then resuspended in RPMI 

1640/10% PCS at a final concentration of 1 x 10^ PMN/ml. This PMN suspension was 

combined with fluoroisothiocyanate labeled Candida albicans (FITC-CA) to yield a PMN to 

FITC-CA ratio of 1:5. Following a 15 minute incubation at 37°C/5% C02, the cell 

suspensions were washed once in PBS, fixed and analyzed using flow cytometry . 

In other experiments, purified PMN (1 x 10* in 1 ml DPBS supplemented with 20% 

autologous serum) were placed in 12 x 75 mm acrylic tubes and incubated for 1 hour at 37° C 

in a 5% humidified CO2 environment as described above in the priming agent. Fluorescent 

latex beads, l/im diameter (fluoresbrite® YGl, Poly Sciences), were opsonized with 

autologous serum for 15 minutes at room temperature and washed prior to mixing with 

primed PMN. Following priming, and coincident with the addition of 1 /xM fMLP, the 

fluorescent latex beads were introduced into each tube at a concentration of 30 beads /PMN 

and mixed gently. Cells were then incubated for 1 hour further with the beads. Cells were 

washed 2x in ice cold DPBS to remove beads adhering to the extracellular surface, fixed in 

1% paraformaldehyde and stored at 4° C until analyzed on an EPICS XL-MCL flow 

cytometer (Beckman-Coulter). At least lO'* PMN were analyzed for each sample. Voltage 

settings were adjusted on the instrument so that PMN containing a single bead had a mean 

linear fluorescent signal of 1 unit. The mean number of beads ingested/PMN was calculated 

as the mean linear fluorescence of the population of PMN that contained at least 1 bead. The 

7 
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percent of phagocytic PMN was calculated as the ratio of PMN containing at least 1 bead 

over the total PMN analyzed x 100. 

PMN Degranulation 

Purified PMN (1 x 10^ in 1 ml D2) were primed for 1 hour and stimulated with 1 /iM 

fMLP as above in 24 well culture plates. Following 1 hour stimulation, cells were washed Ix 

in ice cold DPBS and incubated with either a phycoerythrin (PE)-conjugated anti-CD63 or 

PE-conjugated anti-CDw210 mAb (BD Biosciences) at 4° C for 20 minutes. Cells were 

washed Ix in cold DPBS, fixed in 1% paraformaldehyde and stored at 4° C until analyzed by 

flow cytometry. CD63 (LAMP-3) is a lysosomal tetraspanin membrane protein expressed in 

azurophilic granules of PMN (18). CDw210 (IL-10 receptor) is expressed in the inner 

vacuolar membranes of secondary granules and appears at the cell surface following 

degranulation (19). CDw210expression at the surface of the plasma membrane correlates 

with lactoferrin release from PMN. 

PMN Chemotaxis 

A transwell assay was performed by placing 300 jxl of the chemotactic agent 

dissolved in RPMI 1640 (Invitrogen) or culture supernatant of HEK exposed to SM, in the 

bottom well of a 96-well plate (Neuro Probe Inc.). A 5 jum pore membrane was place over 

the bottom wells and 4 xlO* purified PMN in a volume of 50 /il were placed on the 

membrane over each well. Cells were incubated at 37° C in a 5% humidified CO2 

environment for 2 hours before all cells were removed from the upper chamber using a cell 

harvester. The upper surface of the membrane was washed 2 x in DPBS to remove adherent 

cells that had not traversed the membrane. The plate with the upper membrane attached was 

centrifuged for 10 minutes at 500 x g to pellet the migrated PMN in the bottom chamber. All 

but 50 ii\ of the media in the lower well was removed and the pelleted cells resuspended by 

pipetting. Two 10 jLil aliquots were counted using a hemocytometer and the total number of 

cells in each well determined. Each condition was tested in triplicate wells. 

Western Blotting 

Cellular protein extracts were made by lysing 10'' cells in lysis buffer (1% NP-40, 10 

jLig/ml bovine albumin, lju,M orthovanadate, 2x Complete™ protease inhibitor cocktail 
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(Roche) in phosphate buffered saline (PBS) pH 7.4) on ice for 1 hour. Extracts were 

centrifuged at 12,000 x g for 15 minutes at 4° C to pellet the nuclei and insoluble membrane 

fraction and the supernatant mixed 1:1 with 2 x SDS sample buffer (125 mM tris pH 6.8, 4% 

SDS, 2% 2-mercaptoethanol). Extracts were boiled and proteins resolved by SDS-PAGE on 

12% gel. Gels were washed in DI water and proteins transferred to PVDF membranes. Blots 

were probed with anti-ERK 1/2, anti-phospho ERK 1/2, anti-p38, or anti-phospho p38 

followed by HRP-conjugated secondary antibody and visualized with ECL reagents 

(Amersham) on Hyperfilm™ (Amersham). 

PMN Actin Polymerization 

As a measure of PMN cytoskeletal activation necessary for chemotaxis, actin 

polymerization was measured by flow cytometry as previously described (20). PMN were 

harvested, washed once and resuspended at a final concentration of 1 x 10* PMN/ml. PMN 

were stimulated with lO'^M fMLP and fixed at 0, 30 and 90 seconds post stimulation with 

fMLP using 3.7% formaldehyde in Gey's buffer. The cells were stained with NBD- 

phallicidin as previously described (20) and analyzed using flow cytometry. 

Nuclear events 

Chromatin condensation/compaction and the DNA laddering indicative of 

endonuclease activation, are irreversible features that are characteristic of apoptosis. At 0,1, 

2, and 4 hours post UV-irradiation, aliquots of PMN will be obtained and evaluated as 

follows. In the in vitro culture model, aliquots of PMN will be obtained at 0, 4, 8, 12 and 24 

hours. Chromatin condensation/compaction will be determined using fluorescence 

microscopy with acridine orange/ethidium bromide staining (21). DNA laddering was 

demonstrated using agarose gel electrophoresis as described by Laird et al (22, 23). 

Ultraviolet radiation (UV) accelerated PMN apoptosis 

Induction of PMN apoptosis by UV-irradiation was performed as previously 

described (24). Briefly, 5 x lOVml of purified PMN were seeded in 24-well polystyrene 

tissue culture plate (Costar) and allowed to settle into a monolayer. After settling, the cells 

were exposed to 50 fxM or 100 |iM SM for 60 minutes. PMN were then exposed from below 

to 312-nm UV irradiation for 15 minutes at room temperature at a distance 2.5 cm from the 

9 
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transilluminator surface (Fotodyne Incoq^orated, model 3-3000). The UV intensity at 2.5 cm 

(measured through a standard tissue cukure plate with a UVX Digital Radiometer; UVP, Inc., 

San Gabriel, CA) was 3.2mW/cm^ After UV-irradiation, cells were incubated for 5 hours at 

37°C/5%C02 prior to apoptosis determination. 

Apoptosis of PMN was induced by SM exposure as follows: 5 x lOVml purified PMN 

were seeded in 24-well polystyrene tissue culture plate and allowed to settle into a 

monolayer. After settling, 50 |iM or 100 ]xM SM was added to the culture medium and the 

cells were incubated at 37°C/5%C02for 5 hours prior to apoptosis determination (25). 

Analysis of CD 16 

The analysis of CD16 levels was undertaken as previously described (26, 27). Briefly, 

PMN (1 X lOVml) were washed in phosphate buffered saline (PBS) containing 0.2% BSA 

and 0.1% sodium azide and resuspended in lOOjLtl PBS to which was added 20|il of 

phycoerythrin (PE) labeled anti-CD 16 (Becton Dickinson) for 30 minutes at 4°C. Cells were 

then washed twice in PBS plus 0.2% BSA and 0.1% sodium azide and fixed in 2% 

paraformaldehyde. PMN were then analyzed using a FACS scan flow cytometer (Becton- 

Dickinson). 

Analysis of caspase-3 activity 

Caspase-3 activity was analyzed using a colorimetric assay kit (BF3100, R&D 

Systems, Minneapolis, MN). PMN (1 x lOVml) were assayed in flat bottom 96 well 

microtiter plates as per the manufacturers protocol after incubation with or without SM or 15 

minutes UV irradiation as described above. Following UV irradiation cells were incubated 

for 2 hours at 37°C before analysis. Caspase-3 activity is reported as optical density at 405 

nm. 

Phosphorylation ofERK and P38 MAP K 

PMN lysates were generated from PMN incubated with serial dilutions of IL-ip, IL- 

8, C5a, LTB4 and GRO at 0, 5, 15, 30, 60, 90, 120, 180, and 240 minute^ Control PMN were 

incubated in medium alone. Protein determination, SDS-PAGE, and blotting were 

undertaken as described previously (23, 28, 29). ERK phosphorylation was detected using an 

affinity purified, rabbit polyclonal, phospho-specific p44/42 ERK antibody (New England 

10 
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Biolabs, Beverly, MA) that detects p42 ERK2 and p44 ERKl only when they are 

phosphorylated at Tyr 204. Detection was undertaken using the enhanced 

chemiluminescence technique (ECL kit, Amersham) per manufacturers instruction. The 

membranes were stripped and re-probed with a rabbit polyclonal p38 MAPK antibody 

(Bioscience, Beverly, MA) that detects the phosphorylated form of p38 MAPK. 

In the experiments examining ERK and p38 signaling in PMN directly exposed to 

sulfur mustard (SM), phosphorylation was determined using the bead based Bioplex™ assay 

(Bio-Rad, Hercules, CA). PMN were exposed to SM for the indicated periods, washed and a 

lysate prepared using the standard Bioplex lysis kit. Lysates were incubated with standard 

bioplex beads conjugated to either anti-phospho ERKl/2 or anti-phospho p38 overnight and 

developed using the standard Bioplex protocols. 

11 
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RESULTS 

Effect of agents known to be present in SM induced wounds on priming PAN oxidant 

production (SOW Task 1) 

Dose and time response experiments with IL-ip, IL-8, C5a, LTB4 and GRO, agents 

which are known to be present in SM-induced wounds, were undertaken to define the 

optimal conditions for these agents to prime PMN oxidant production. PMN (5x lOVml) 

were be pre-incubated with ten-fold serial dilutions of IL-lp (1 unit/ml - 1000 unit/ml), IL-8 

(1 ng/ml - 1000 ng/ml), C5a (1 ng/ml - lOOOng/ml), LTB4 (1 ng/ml - 1000 ng/ml) and GRO (1 

ng/ml - 1000 ng/ml) for 0, 5, 15, 30, 60, 90, 120, 180, and 240 minutes at 37°C/5% C02. 

Immediately following the pre-incubation periods listed above, PMN were be harvested, 

washed and resuspended in phosphate buffered saline (PBS) at a final concentration of 1 x 

108 PMN/ml. Oxidant production, characterized by the formation of superoxide anion, was 

quantitated by following the oxidation of a chromophore to its fluorescent diadduct 

(PHPA-(PHPA)2) as described in the methodology. 

In Figure 1, PMN were pre-incubated with IL-8 (100 ng/ml) for 60 minutes. For 

comparison, PMN were also pre-incubated with 1000 units/ml of GM-CSF for 60 minutes. 

PMN incubated in medium alone served as the unprimed control. Oxidant production in 

control unprimed PMN was minimal following stimulation with 10' M fMLP. When 

compared to control unprimed PMN, fMLP-induced oxidant production was greater in PMN 

that were pre-incubated with IL-8 or GM-CSF (increased approximately 2-fold and 10-fold 

respectively). 

In order to compare the results of several experiments using different doses and pre- 

incubation periods of IL-lp, IL-8, C5a, LTB4 and GRO, we calculated the slope of each 

tracing by determining the change in fluorescence (AF) between 45 and 65 seconds following 

the addition of lO'M fMLP. The calculated slopes were then graphed by length of pre- 

incubation for each dilution tested. The steeper the slope of the line, the greater the amount of 

oxidant production in response to lO'M fMLP. A minimum of 4 experiments for each 

dilution and each pre-incubation period were undertaken. Figure 2 demonstrates the results of 

PMN pre-incubation with 10-fold serial dilutions of IL-8 (1 ng - 1000 ng/ml) for 0, 5, 15, 30, 

60, 120, 180, and 240 minutes. IL-8 pre-incubation primed PMN for enhanced fMLP induced 

oxidant production at all doses and times tested. This effect was dose dependent, with 

maximal priming noted in PMN pre-incubated for 5 and 15 minutes with 100 ng/ml and 1000 

12 
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ng/ml IL-8. There was a slight drop in oxidant production at 30 minutes, which then 

increased at the remaining time points out to 240 minutes for both doses. Similar dose 

dependent 

120 
Time (sec) 

240 

Figure 1. 

IL-8 primes PMN oxidant production. PMN were pre-incubated with IL-8 (100 ng/ml) or GM-CSF 
(100 units/ml) for 60 minutes. PMN incubated in medium alone served as control. Oxidant 
production in response to 10'^ M fMLP was measured over a 4-minute time course. The y-axis 
represents fluorescence units. These results are representative of 3 separate experiments. 
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Figure 2. 

Priming effect of IL-8 on fMLP induced oxidant production. PMN were pre-incubated with 10-fold 
serial dilutions of IL-8 for the documented time periods.   Oxidant production in response to 10'^ 
fMLP was measured as previously described. Y-axis represents the change in fluorescence from 45 
to 65 seconds after addition of fMLP.   Results are cumulative data of a minimum of 4 separate 
experiments at each pre-incubation period. Error bars represent the SEM at each time point. 
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Figure 3. 

Priming effect of GRO on fMLP induced oxidant production. PMN were pre-incubated with 10-fold 
serial dilutions of GRO for the documented time periods. Oxidant production in response to 10"^ 
fMLP was measured as previously described. Y-axis represents the change in fluorescence from 45 
to 65 seconds after addition of fMLP. Results are cumulative data of a minimum of 4 separate 
experiments at each pre-incubation period. Error bars represent the SEM at each time point. 
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Figure 4. 

Priming effect of C5a on fMLP induced oxidant production. PMN were pre-incubated with 10-fold 
serial dilutions of C5a for the documented time periods. Oxidant production in response to 10"^ 
fMLP was measured as previously described. Y-axis represents the change in fluorescence from 45 
to 65 seconds after addition of fMLP. Results are cumulative data of a minimum of 4 separate 
experiments at each pre-incubation period. Error bars represent the SEM at each time point. 
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Figure 5. 

Priming effect of LTB4 on fMLP induced oxidant production. PMN were pre-incubated with 10-fold 
serial dilutions of LTB4 for the documented time periods. Oxidant production in response to 10"' 
fMLP was measured as previously described. Y-axis represents the change in fluorescence from 45 
to 65 seconds after addition of fMLP. Results are cumulative data of a minimum of 4 separate 
experiments at each pre-incubation period. Error bars represent the SEM at each time point. 
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Figure 6. 

Priming effect of IL-ip on fMLP induced oxidant production. PMN were pre-incubated with 10-fold 
serial dilutions of IL-iP for the documented time periods. Oxidant production in response to 10' 
fMLP was measured as previously described. Y-axis represents the change in fluorescence from 45 
to 65 seconds after addition of fMLP. Results are cumulative data of a minimum of 4 separate 
experiments at each pre-incubation period. Error bars represent the SEM at each time point. 
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results were also obtained for GRO, C5a, and LTB4 with 100 ng/ml being the optimal dose 

for each agent (Figures 3,4, and 5 respectively). The kinetics of priming were slightly 

different for each agent though. Priming of PMN oxidant production by GRO peaked at 15 

minutes of pre-incubation (Figure 3). C5a induced maximal priming of PMN oxidant 

production after 5 minutes of pre-incubation that then plateaued out to 60 minutes before 

falling off (Figure 4). Finally LTB4 induced a bimodal response with an initial rapid rise in 

fMLP induced PMN oxidant production after 5 minutes, followed by a drop over the next 

two time points (15 and 30 minutes), followed by a steady increase in fMLP induced PMN 

oxidant production out to 240 minutes (Figure 5). Lastly, IL-ip had a narrow window of 

efficacy with the 100 unit/ml dose demonstrating maximal effect on priming of PMN oxidant 

production at the 15 minute time point (Figure 6). Based on the results of these experiments 

we elected to use the optimal priming doses of these agents (IL-8 100 ng/ml, GRO 100 

ng/ml, C5a 100 ng/ml, LTB4100 ng/ml and IL-ip 100 ng/ml) for a 15 minute pre-incubation 

period in the next several experiments focusing on priming of other PMN functions. 

Ejfect of agents known to be present in SM induced wounds on priming PMN actin 

polymerization (SOW Task 2) 

Actin polymerization is a marker of PMN cytoskeletal activation necessary for 

chemotaxis (20). To determine the effect of agents, known to be present in SM induced 

wounds, on priming PMN actin polymerization in response to fMLP, PMN were pre- 

incubated with IL-8 (100 ng/ml), GRO (100 ng/ml), C5a (100 ng/ml), LTB4 (100 ng/ml) or 

IL-lp 100 ng/ml) for 15 minutes at 37°C/5% C02. PMN incubated in medium alone served 

as control. Following the pre-incubation period, PMN were harvested, washed once and 

resuspended at a final concentration of 1 x 10^ PMN/ml. PMN were then be stimulated with 

10''M fMLP and fixed at 0, 30 and 90 seconds post stimulation with fMLP using 3.7% 

formaldehyde in Gey's buffer. The cells were then stained with NBD-phallicidin as 

previously described (20) and analyzed using flow cytometry. A minimum of three separate 

experiments were undertaken for each agent. When compared to control PMN, PMN 

pretreated with IL-8, C5a, LTB4, GRO and IL-ip failed to show any difference in the degree 

of actin polymerization in response to lO'^M fMLP (data not shown). These results suggest to 

us that actin polymerization is an unprimable all or nothing response. 
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Table 1. Effect of agent on PMN phagocytic function 

Ejfect of agents known to be present in SM induced wounds on priming PMN phagocytic 

function (SOW Task 3) 

One of the primary mechanisms through which PMN accomplish their effector cell 

function is through phagocytosis of invading microorganisms. To test the effect of IL-8, C5a, 

LTB4, GRO and IL-ip on PMN phagocytic function, PMN were pre-incubated with the 

optimal activating doses of 

these agents for 15 minutes 

at 37°C/5% C02. Following 

this pre-incubation period, 

PMN    were    harvested, 

washed once in PBS, then 

resuspended    in    RPMI 

1640/10% FCS at a final 

concentration  of  1 x   10^ 

PMN/ml.      This     PMN 

suspension     was     then 

combined  with fluorocine 

isothiocyanate     labeled 

Candida albicans (FITC-CA) 

to yield a PMN to FITC-CA 

ratio of 1:5. Following an 

additional     15     minute 

incubation at 37°C/5% C02, 

the cell suspensions  were 

washed once in PBS, fixed and analyzed using flow cytometry (30). Table 1. documents the 

results of two representative experiments. Control PMN incubated in medium alone 

demonstrated moderate baseline phagocytic function. Pre-incubation of PMN with IL-8, 

GRO, C5a, LTB4, or IL-ip dramatically increased PMN phagocytosis of FITC-CA. The 

overall percentage of phagocytosing PMN rose as did the mean channel fluorescence, which 

is a marker of increased phagocytic function by each phagocytosing PMN. These results 

document that in addition to priming PMN oxidant production, IL-8, GRO, C5a, LTB4, and 

IL-ip also enhance PMN phagocytic function. 
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Mean Channel 
Priming Agent % Phagocytic Fluorescence 

Cells (increasing phagocytosis) 
No Priming f 

Experiment 1 49% 637.41 
Experiment 2 30% 442.97 

IL-8 
Experiment 1 93% 2137.37 
Experiment 2 60% 1190.59 

GRO 
Experiment 1 91% 1934.78 
Experiment 2 65% 1303.27 

C5a 
Experiment 1 85% 1315.62  ^ 
Experiment 2 56% 1076.08 

LrB4 
Experiment 1 95% 2410.47 
Experiment 2 61% 1302.99 

IL-p 
Experiment 1 90% 1967.14 
Experiment 2 59% 1214.28 



Final Report: MIPR# 0EC5F70083     John F. Sweeney 

1S 30 45 

Incubation Time (minutes) 

15 30 45 

Incubation Time (minutes) 

o c » u 

o 
3 

(0 
a> 

Effects of agents present in SM induced wounds on priming PMN de granulation (SOW Task 4) 

During differentiation, 

PMN form 4 types of exocytic 

granules    termed    primary 

granules      (azurophilic), 

secondary granules (lactoferrin 

and  collagenase  containing 

specific   granules),   tertiary 

granules (gelatinase containing 

granules)    and    secretory 

granules (31). Each type of 

granule   contains   a   unique 

combination    of    soluble 

antimicrobial factors, that are 

released into the extracellular 

matrix following activation, 

and a number of membrane 

bound     granule-specific 

receptors. The granule-specific 

membrane  bound  receptors 

become incorporated into the 

plasma    membrane    after 

degranulation as part of the 

exocytic process and modulate 

PMN        activation. The 

translocation of the internal 

Incubation Time (minutes) 

GRO 

15 30 45 

Incubation Time (minutes) 

No fMLP 
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Figure 7. 
Chemokine/cytokine priming of PMN degranulation. 
Purified PMN were primed for 15, 30, or 60 minutes 
with SM induced agents C5a, IL-8, GM-CSF, LTB4, 
or GRO before stimulation with 1 /iM fMLP. Primed 
and stimulated cells were stained with a (PE)- 
conjugated anti-CD63 mAb as a measure of primary 
(azurophilic) granule exocytosis. The error bars 
represent the standard error of the mean of 2 separate 
experiments. 

vesicular membrane receptor, CD63 (LAMP-3), to the external surface of the plasma 

membrane specifically occurs as a result of exocytosis primary (azurophilic) granules (19, 

31). CD63 is a lysosomal tetraspanin membrane protein expressed uniquely in azurophilic 

granules of PMN and correlates with elastase release. We measured the surface evolution of 

CD63 by flow cytometry to determine which of the tested SM induced chemical agents could 

prime PMN degranulation. 
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PMN were incubated with the priming agent: C5a (0.2 jLig/ml), IL-8 (0.2 jiig/ml), 

GM-CSF (5 ng/ml), LTB4 (10 nmol/ml), or GRO (0.1 /ig/ml) for the times indicated and then 

analyzed for CD63 expression with or without stimulation with 1 juM fMLP. PMN exposed 

to the priming agents alone without fMLP showed no increase in CD63 surface expression 

over PMN incubated with medium alone (Figure 7). This result is consistent with the 

observation that most priming agents are not able to stimulate PMN degranulation except at 

very high concentrations (6, 7). PMN primed with C5a, IL-8, GM-CSF and LTB4 and 

activated with fMLP showed a time dependent increase of surface CD63 expression, 

indicating azurophilic granule exocytosis (Figure 7). No priming effect was seen for GRO. 

These data indicate that the SM wound environment may predispose PMN for degranulation. 

This predisposition may increase the potential for immune mediated tissue damage. 

Ejfect of agents known to be present in SM induced wounds on PMN apoptosis 

(SOW Tasks 5, 6, 7 and 8) 

Recent studies have shown that several proinflamatory factors can prolong PMN 

survival by inhibiting apoptosis (32, 33). We have also demonstrated that LPS and GM-CSF 

protect PMN in a UV-accelerated model of PMN apoptosis (24). We therefore evaluated the 

effect of agents, known to be present in SM induced wounds, on the induction or rescue of 

PMN from apoptosis. 

PMN are terminally differentiated cells that undergo spontaneous apoptosis once they 

leave the bone marrow and enter the systemic circulation. The in vitro culture model of PMN 

apoptosis in some ways closely approximates the in vivo setting in that it relies on the 

spontaneous progression of PMN into the apoptotic pathway over a 12-24 hour period. The 

drawbacks of this model include its prolonged time course and the non-homogeneous 

progression of PMN into the apoptotic pathway. At any given time point there will be 

populations of viable PMN, apoptotic PMN, and necrotic PMN. These shortcomings make 

this model less that ideal for the study of signaling events associated with initiation or 

prevention of PMN apoptosis. 

In order to more closely study early signaling events associated with PMN apoptosis 

we have developed a UV-accelerated model PMN apoptosis. By exposing PMN to a short 

course of UV irradiation we can accelerate and synchronize PMN apoptosis so that a more 

homogenous population of PMN are proceeding through the apoptotic process in a shorter 
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time course (4 hours). 

Chromatin condensation and DNA laddering (Task 5) 

Chromatin condensation and the 

DNA laddering indicative of endonuclease 

activation, are irreversible features that are 

characteristic of apoptosis. DNA laddering 

in both the UV accelerated and in vitro 

culture models of PMN apoptosis. In the 

UV-accelerated model of PMN apoptosis, 

PMN were pre-incubated with the 

previously determined optimal doses of IL- 

8, GRO, C5a, LTB4, or IL-ip for 0, 5, 15, 

30, 60, and 90 minutes. Following these 

pre-incubation periods, PMN were exposed 

to UV- irradiation for 15 minutes as 

previously described. PMN were then 

isolated at 0, 1, 2, 3, and 4 hours post UV 

exposure. DNA was extracted and DNA 

laddering was detected using agarose gel 

electrophoresis. As a positive control, additional PMN were pre-incubated with GM-CSF 

1000 units/ml. PMN incubated in medium alone served as a negative control. In the in vitro 

culture model of PMN apoptosis, PMN were incubated with the optimal doses of IL-8, GRO, 

C5a, LTB4, or IL-ip. DNA was extracted at the 12 and 24 hour time points and DNA 

laddering detected as above using agarose gel electrophoresis. 

DNA extracted from control PMN at 0, 1, and 2 hours post UV treatment failed to 

show signs of DNA laddering on agarose gel electrophoresis, which is consistent with our 

previous findings (data not shown). DNA laddering was present to varying extents at 3 hours 

post UV treatment and became more definite at the 4 hour time point. Pre-incubation of PMN 

with GM-CSF for 15 - 30 minutes prevented DNA laddering which is consistent with our 

previous results. Neither IL-8, GRO, C5a, LTB4, nor IL-ip prevented DNA laddering at 

these shorter pre-incubation periods (15-30 minutes). Figure 8 shows an agarose gel of DNA 
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extracted from PMN pre-incubated with GM-CSF, IL-8, GRO, C5a, LTB4, or IL-lp for 90 

minutes before exposure to UV-irradiation. At 4 hours post UV-treatment there is a clear 

pattern of DNA laddering indicative of endonuclease activity in control PMN exposed to 

UV-irradiation. As at the shorter pre-incubation periods, pretreatment of PMN with GM-CSF 

for 90 minutes significantly reduced the degree of DNA laddering. IL-8 and LTB4 treatment 

was associated with a slight decrease in DNA laddering but this is a subjective difference at 

best. There was minimal reduction in DNA laddering noted for PMN pretreated with IL-ip, 

GRO, or C5a. Although each of these agents primes PMN oxidative function and enhances 

PMN phagocytosis, they have minimal effect on preventing DNA laddering which is felt to 

be a key marker of the execution phase of apoptosis. Agarose gel electrophoresis of DNA 

extracted from PMN undergoing in vitro culture at the 12 and 24 hour time points 

demonstrated a "smear pattern" indicative of PMN necrosis. This is consistent with previous 

work in our laboratory and is secondary to the large percentage of PMN undergoing 

secondary necrosis. We were unable to show any differences in DNA laddering because of 

this with any of the agents (data not shown). 

Shedding ofFc gamma RIII (CD16) receptors (Task 6) 

PMN express high levels of the low affinity Fc gamma receptors which facilitates 

their ability to respond to anti-body opsonization at a site of injury. Loss of surface 

expression of the Fc gamma RIII (CD 16) has been correlated with the progression of PMN to 

apoptotic death (26, 27). We examined the effect of chemical factors, known to be expressed 

in SM lesions, on changes in the surface expression of CD 16 in both the UV-accelerated and 

culture models of PMN apoptosis. Purified PMN were pre-incubated with C5a, IL-8, LTB4, 

or GRO at the indicated concentrations for 90 minutes. Exposed cells were then either left in 

culture or UV-irradiated for 15 minutes and returned to culture for 4 hours. After 4 hours 

cells were stained with a PE-conjugated anti-CD16 mAb and analyzed by flow cytometry. 
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As with the DNA laddering experiments, LTB4 treatment was associated with a slight 

decrease in the % of cells showing loss 

of surface CD 16, suggesting that LTB4 

may inhibit PMN UV-accelerated 

apoptosis (Figure 9). C5a appeared to 

induce apoptosis in the non-UV 

irradiated cells in a dose dependent 

manner. IL-8 and GRO showed no 

effect on CD 16 shedding in either UV 

irradiated or non- irradiated PMN. 

Taken together these data suggest that 

these factors have minimal effect on 

PMN survival or that the measure of 

CD16 down regulation is not 

sufficiently sensitive to detect the subtle 

effects they may exert. 

Actin polymerization/depolymerization 

(Task 7) 

In SOW Task 2 described above, 

when control PMN were compared to 

PMN pretreated with IL-8, C5a, LTB4, 

GRO and IL-ip, they failed to show any 

difference in the degree of actin polymerization in response to 10"^M fMLP. These results 

indicate that actin polymerization is an unprimable all or nothing response. As a result we did 

not perform further experiments using this parameter as a measurement of apoptosis. 

Figure 9 
CD 16 shedding as a measure of PMN apoptosis. 
The cumulative percentage of CD 16^° PMN 
(apoptotic) from the un-irradiated (open triangles) 
or UV-irradiated (filled squares) models of 
apoptosis. PMN were pre-incubated with C5a, 
IL-8, LTB4, or GRO at the indicated 
concentrations and then either cultured or exposed 
to UV-irradiation and cultured. Cells were stained 
with anti-CD 16 mAb and analyzed by flow 
cytometry. Dashed lines indicate the level of 
CD 16 shedding for PMN that were not exposed to 
pre-incubation with inflammatory factors. Error 
bars represent SEM of 2 separate experiments. 

Caspase-3 activity (Task 8) 

Caspase-3 exists as a pro-enzyme that is cleaved and activated during the induction of 

apoptosis (34). This makes caspase-3 activation an early marker of progression to apoptosis 

and colorimetric detection can provide a sensitive method for discriminating subtle changes 

in caspase-3 activity. To determine if chemical mediators expressed in SM induced wounds 
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affected PMN apoptotic progression, the experiments described above in Task 6 were 

repeated using a colorimetric based caspase-3 activation assay as the readout. 

Caspase-3 activation was measured in both the UV-accelerated and culture models of 

PMN apoptosis. Purified PMN were 

pre-incubated with C5a, IL-8, GM- 

CSF, LTB4, or GRO at the indicated 

concentrations for 90 minutes. Exposed 

cells were then either left in culture or 

UV-irradiated for 15 minutes and 

returned to culture for 4 hours. After 4 

hours cells were lysed and caspase-3 

activation was measured using the 

standardized protocol by R&D systems. 

In the culture model of PMN 

apoptosis IL-8 and LTB4 inhibited 

PMN apoptosis at a level approaching 

that of GM-CSF (open triangles; Figure 

10)  while  C5a and  GRO  had  no 

detectable   effect   in    the    same 

experiments. When cells were exposed 

to UV-irradiation, all of the SM wound 

induced factors showed an effect (filled 

squares; Figure  10). C5a and IL-8 

exerted an anti-apoptotic effect that was 

detectable    only    at    the    lower 

concentrations tested. Pre-incubation 

with GM-CSF, LTB4or GRO resulted 

in a marked inhibition of UV induced 

apoptosis at all concentrations tested. 

These data suggest that inflammatory mediators expressed in SM lesions may be enhancing 

PMN survival and thus potentially exacerbating inflammation induced tissue damage. 

NoUV 

UV exposed 

GRO Wml) 

Figure 10 
Caspase-3 activity as a measure of PMN 
apoptosis. PMN were pre-incubated with C5a, 
IL-8, GM-CSF, LTB4, or GRO at the indicated 
concentrations. Pre-incubated PMN were either 
exposed to UV-irradiation and cultured (filled 
squares) or cultured without irradiation (open 
triangles). Cells were lysed and caspase-3 
activity measured by a colorimetric assay. 
Dashed lines indicate the basal level of 
caspase-3 activity for PMN that were not 
exposed to pre-incubation with inflammatory 
factors. Error bars represent SEM of 2 
experiments. 
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Ejfect of agents known to be present in SM induced wounds on phosphorylation ofp42/p44 

ERK and p38 MAPK (SOW 

Task 9) 

Mitogen activated 

protein kinases (MAPK) are 

serine/threonine kinases that 

are rapidly activated in 

PMN by many agonists 

suggesting that they play a 

central role in the activation 

of PMN functions (33, 35- 

37). MAPK activation 

requires a cascade of events 

that ultimately leads to joint 

phosphorylation of 

neighboring tyrosine and 

threonine residues by a 

corresponding MAPK 

kinase (38, 39). The first 

member of the MAPK 

family to be described was 

extracellular signal- 

regulated  kinase   (ERK). 
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Figure 11. 
Time course of ERK in response to agents known to be 
present in SM induced wounds. PMN were prepped as 
usual, then treated with cytokines for indicated times. 
Protein samples representing 50 ug of whole cell lysate 
were resolved in 12% Tris-Cl gel (BioRad). 
Phosphorylation was detected with phospho-specific anti- 
ERK primary antibody HRP-conjugated secondary 
antibody and ECL+ (Amersham). 5% BSA in TEST was 
used as the blocking agent. Results are representative of 3 
separate experiments 

Mitogens and growth factors activate ERK, leading to cellular proliferation and 

differentiation in many cell lines (40). 

To determine the effect of agents known to be present in SM induced wounds on 

phosphorylation of p42/p44 ERK and p38 MAPK, PMN were lysates were generated from 

PMN incubated with optimal priming doses of IL-ip, IL-8, LTB4 and GRO at 0, 5, 15, 30, 

60, 90, 120, 180, and 240 minutes. Protein determination, SDS-PAGE, and blotting were 

undertaken as described previously (23, 28, 29). ERK phosphorylation will be detected using 

an affinity purified, rabbit polyclonal, phospho-specific p44/42 ERK antibody (New England 

Biolabs, Beverly, MA) that detects p42 ERK2 and p44 ERKl only when they are 
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phosphorylated at Tyr 204. Detection will then be undertaken using the enhanced 

chemiluminescence technique (ECL kit, Amersham) per manufacturers instruction. The 

membranes were stripped and re-probed with a rabbit polyclonal phospho-specific p38 

MAPK antibody (New England Biolabs, Beverly, MA) that detects p38 MAPK only when 

phosphorylated. In these experiments we utilized two agents that are known to prime PMN 

functions and protect PMN 

from apoptosis (GM-CSF 

(1000 units/ml) and LPS (20 

ng/ml)), as positive controls. 

Our results 

demonstrate that GM-CSF 

stimulated significant 

phosphorylation of p42 and 

p44 ERK within 5 to 15 

minutes of treatment (Figure 

11). The increased signal 

intensity remained present 

out to 120 minutes of 

incubation with GM-CSF. 

In contrast ERK 

phosphorylation enhanced 

slowly in LPS treated 

neutrophils. Increased levels 

of phosphorylation became 

evident after approximately 

90 minutes of incubation 

with LPS and then increased 

slightly out to the 240 

minutes of minute time 

point. Incubation of PMN 

Phosphd-p38 

Time post-SM exposure (minutes) 
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untreated 
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1L-1P 

IL-8 

GRO 
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LPS 

Figure 12. 

Time course of p38 MAPK in response to agents known to 
be present in SM induced wounds. PMN were prepped as 
usual, then treated with cytokines for indicated times. 
Protein samples representing 50 ug of whole cell lysate 
were resolved in 12% Tris-Cl gel (BioRad). 
Phosphorylation was detected with phospho-specific anti- 
p38 primary antibody HRP-conjugated secondary antibody 
and ECL+ (Amersham). 5% BSA in TBST was used as the 
blocking agent. Results are representative of 3 separate 
experiments 

with IL-ip did not upregulate ERK phosphorylation. Treatment of PMN with IL-8 increased 

ERK phosphorylation at 5 and 15 minutes, which then dropped off to near baseline levels by 
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30 minutes. Incubation of PMN with GRO mildly increased ERK phosphorylation at the 5 

minute time point. LTB4 treatment was associated with a bimodal response in ERK 

phosphorylation. At 5 minutes ERK phosphorylation is upregulated but returned to control 

levels by 15 minutes. Gradual increases in ERK phosphorylation returned by 60 minutes and 

remained elevated out to 120-180 minutes. 

Two additional members of the MAPK family, stress activated protein kinase, also 

known as Jun N-terminal kinase (SAPK/JNK) and p38 MAPK have been implicated in the 

transduction of stress signals in many cell lines. Like ERK, SAPK/JNK and p38 MAPK also 

require phosphorylation of closely spaced tyrosine and threonine residues for activation. We 

have had difficulty demonstrating presence of SAPK/JNK in PMN lysates in previous work 

undertaken in our laboratory (unpublished results). However p38 MAPK is present in PMN 

and is activated by UV-irradiation, pro-inflammatory cytokines or osmotic stress and has 

been associated with subsequent progression of cells into apoptosis. 

To evaluate the effect of IL-ip, IL-8, LTB4 and GRO on p38 MAPK phosphorylation 

the blots were stripped and reprobed with a phospho-specific p38 MAPK antibody that 

recognizes the phosphorylated form of p38 MAPK (Figure 12). Untreated control PMN 

demonstrated an enhanced p38 MAPK phosphorylation beginning at 30 minutes and 

increasing steadily out to 240 minutes. PMN treated with GM-CSF demonstrated an increase 

in p38 MAPK phosphorylation after 60 minutes of treatment which then began to fall back to 

control levels of phosphorylation after 120 minutes of treatment. PMN incubated with IL-ip 

demonstrated increased p38 MAPK phosphorylation after 5 minutes of incubation in contrast 

to ERK. These levels remained elevated until the 90-120 minute time point where they began 

trending toward control levels. IL-8 treatment resulted in a slight increase in phosphorylation 

of p38 MAPK at the 180-minute time point when compared to control. Both GRO and LTB4 

resulted in an early increase in p38 MAPK phosphorylation after 5 minutes of PMN 

treatment. Treatment of PMN with LPS did not appreciably alter p38 MAPK 

phosphorylation compared to control. 

Ejfect of low dose sulfur mustard on PMN oxidant production (SOW Task 10) 

PMN infiltration into areas of SM injury has been noted as early as 3 hours post-SM 

exposure, creating the possibility that PMN present in small quantities may be exposed to 

low levels of SM very early after SM exposure, which in turn may affect PMN function and 
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survival. We therefore investigated the effect of SM on priming PMN oxidant production 

PMN      were.      pre- 

incubated with 100 iiM 

SM and 50 fiM SM for 

60 minutes. As a positive 

control, additional PMN 

were pre-incubated with 

GM-CSF (1000 units/ml) 

for 60 minutes.  PMN 

incubated   in   medium 

alone   served   as   the 

unprimed control. Figure 

13  shows that control 

PMN    have    minimal 

oxidant  production  in 

response  to  treatment 

with 10 ■' fMLP, which is 

a characteristic fording 

of unprimed PMN. GM- 

120 
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Figure 13. 

SM primes PMN oxidant production. PMN were pre- 
incubated with 50 nM SM, PM SM or GM-CSF (1000 
units/ml) for 60 minutes. PMN incubated in medium alone 
served as control. Oxidant production in response to 10"^ M 
fMLP was measured over a 4-minute time course as described 
in the materials and methods. The y-axis represents 
fluorescence units. These results are representative of 3 
separate experiments. 

CSF pre-incubation significantly enhanced fMLP-induced PMN oxidant production when 

compared to control (Figure 13). SM pretreatment with 50 juM or 100 fiM SM also primed 

PMN oxidant production in response to 10'^ MLP, suggesting that these doses of SM prime 

PMN oxidative functions. 

Another approach for evaluating oxidant production by PMN involves the 

measurement of dihydrorhodamine 123 (H2Rhl23) oxidation using flow cytometry (41). 

Reactive oxygen species generated by PMN oxidize H2Rhl23 to the highly fluorescent 

Rhl23, which is trapped within the cell due to its charged state. This measure of cytosolic 

oxidative activity complements the PHPA assay described above because it gives specific 

information regarding cytosolic oxidant production on a cell-by-cell basis. Figure 14 

demonstrates the results of a representative dose response experiment that was undertaken 

with SM treated PMN. PMN were loaded with 30 /iM dihydrorhodamine 123 and then 

treated with medium alone (Panel A), 0.2 %EtOH (Panel B), 10 ^lU SM (Panel C), 25 jxM 
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SM (Panel D), 50 /xM 

treatment dose used 

in       Panel       B 

corresponds to the 

concentration    of 

EtOH   used   as   a 

diluent vehicle in 

the   100  juM   SM 

treatment   group. 

The mean channel 

fluorescence, that is 

a marker of PMN 

oxidant production, 

was then quantitated 

flow cytometrically 

in PMN that were 

stimulated with or 

without    10"^    M 

fMLP.   Figure   14 

demonstrates   that 

there was minimal 

difference in mean 

channel 

fluorescence of non- 

fMLP stimulated 

PMN in either the 

control, EtOH 

vehicle control, 10 

PM, 25/iM, 50/xM, 

or 100 fiU SM 

treatment groups, 

suggesting that SM 

SM (Panel E) or 100 jiM SM (Panel F) for 60 minutes. The EtOH 
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Figure 14. 

Dose response of SM on priming PMN oxidant production. PMN 
were loaded with 30 jitM dihydrorhodamine 123 and then treated 
with medium alone (Panel A), 0.2 %EtOH (Panel B), 10 /iM SM 
(Panel C), 25 /xM SM (Panel D), 50 juM SM (Panel E) or 100 jtiM 
SM (Panel F) for 60 minutes. The EtOH treatment dose used in 
Panel B corresponds to the concentration of EtOH used as a 
diluent vehicle in the 100 ELM SM treatment group. PAIN were 
then treated with (clear histogram) or without (shaded histogram) 
10"^ M fMLP and then the mean channel fluorescence (as a marker 
of oxidant production) was detected with a F ACS scan flow 
cytometer. The numbers in each panel correspond to the mean 
channel fluorescence for PMN treated with or without 10"^ M 
fMLP. Results are representative of 4 separate experiments. 
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does not directly simulate PMN oxidant production. Mean channel fluorescence in response 

to fMLP increased in a dose dependent fashion in SM treated PMN compared to both 

controls. The 50 piM SM dose appeared to be the optimal priming dose. 

We next compared the ability of 50 [iM SM to prime PMN oxidant production to 

cytokines that are known to effect PMN functional activity. Interleukin 8 (IL-8) is a 

chemokine that is known to be present in SM wounds and has been previously shown to 

prime PMN oxidant production (12, 13). Granulocyte macrophage colons-stimulating factor 

(GM-CSF) has also been shown to have potent effects on many PMN activities (42). PMN 

were loaded with 30 fiM dihydrorhodamine 123 and then treated with 50 jiiM SM, GM-CSF 

(1000 units/ml) or IL-8 (100 ng/ml) for 60 minutes. Dose response experiments previously 

undertaken in our laboratory defined GM-CSF 1000 units/ml and IL-8 100 ng/ml to be the 

most effective doses for priming PMN oxidant production (data not shown). The mean 

channel fluorescence as a marker of PMN oxidant production in response to 10"^ M fMLP 

was then quantitated flow cytometrically. For comparison the mean channel fluorescence of 

non-fMLP stimulated PMN undergoing the same pretreatment regimen was also determined. 

Mean channel fluorescence in non-fMLP stimulated PMN was similar in the control, 50 [iM 

SM, GM-CSF and IL-8 treatment groups, again suggesting that these agents do not directly 

stimulate PMN oxidant production (Figure 15). Both GM-CSF and IL-8 primed PMN 

oxidant production in response to fMLP, with GM-CSF being the more potent priming agent 

of the two cytokines. Figure 15 also demonstrates that 50 jiiM SM primes PMN oxidant 

production in response to fMLP. Although SM does not directly stimulate PMN oxidant 

production, these experiments do confirm that low doses of SM prime PMN oxidant 

production in response to a second stimulus. 

Effect of low dose SM on PMN apoptosis (SOW Task 10) 

Many agents that are known to prime PMN functional activities have also been 

shown to prolong PMN survival by delaying PMN apoptosis. Because the above experiments 

demonstrated that low doses of SM prime PMN oxidant production in response to fMLP, we 

hypothesized that low doses of SM would also delay PMN apoptosis. We therefore evaluated 

the effect of low dose SM treatment on PMN apoptosis using the in vitro culture and UV- 

accelerated models of PMN apoptosis. We have previously demonstrated that a short course 

of UV-irradiation accelerates PMN apoptosis, with between 70 and 80% of PMN 
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demonstrating features of apoptosis after a 4-5 hour time course. PMN priming agents 

including GM-CSF and LPS protect PMN from apoptosis in this model (24). To evaluate the 

ability of SM to protect PMN from apoptosis in this model, PMN were pretreated with 50 

jLiM and 100 fiM SM for 60 minutes and then exposed to UV-irradiation for 15 minutes as 

described in the materials and methods. After UV-irradiation, cells were incubated at 

37°C/5% C02. The in vitro culture model of PMN apoptosis relies on the spontaneous 

progression of PMN into the apoptotic process over a 12-24 hour time period. We have also 

demonstrated that PMN priming agents delay PMN apoptosis in this model (25). In the in 

vitro culture model, PMN were cultured with 50 nM or 100 piM SM at 37°C/5% C02. PMN 

in both models were harvested and assessed for features of apoptosis after 5 hours of culture. 

To evaluate for features of PMN apoptosis, PMN were stained with phycoerythrin (PE) 

labeled anti-CD 16, and analyzed using flow cytometry as previously described (26, 27). As 

PMN become apoptotic they shed CD 16 receptors. PMN that have low membrane levels of 

CD16 are considered apoptotic, while high expressers of CD16 are considered viable. PMN 

incubated in medium alone served as control in both models of PMN apoptosis. Control 

PMN showed a large population of high CD 16 cells (consistent with viable PMN) and a 

small population of CD 16 low cells (consistent with apoptotic PMN). These levels of CD 16 

are characteristic after 5 hours of in vitro culture without UV treatment (Figure 16). A short 

course of UV-irradiation considerably increased the number of low CD 16 expressing PMN at 

the 5-hour time point when compared to control PMN undergoing in vitro culture alone at the 

same time point, which is also consistent with our past observations (24). Pretreatment of 

PMN with 50 fiM or 100 juM SM prior to UV irradiation failed to protect PMN from 

apoptosis but rather appeared to have an additive effect on PMN apoptosis when compared to 

PMN undergoing UV-irradiation alone. In addition, treatment of PMN with 50 fiM or 100 

/iM SM induced PMN apoptosis in the in vitro culture model. Figure 17 represents 

cumulative data from 3 separate experiments. These results confirm that treatment of PMN 

with 50 jLiM and 100 /xM SM induces significant PMN apoptosis when compared to control 

PMN after only 5 hours of in vitro culture. The degree of apoptosis induced by 50 fxM or 100 

jLiM SM after 5 hours of in vitro culture is not significantly different from control PMN 5 

hours post UV irradiation. The additive effect of SM + UV treatment on PMN apoptosis at 5 

hours approached statistical significance when compared SM treated PMN alone at both the 

50 jLiM and 100 /xM SM doses. These results confirm that low doses of SM fail to protect 
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PMN from UV-accelerated apoptosis and accelerate PMN apoptosis during in vitro culture. 

To confirm the pro-apoptotic effects of SM on PMN, cells were incubated in the 

absence of SM or in the 

presence   of   SM   at   a 

concentration between 5 

\iM and 100 fxM for 60 

minutes. The PMN were 

then    exposed    to    15 

minutes of UV irradiation, 

as above, or not exposed to 

UV before being incubated 

at   37°C/5%C02   for   2 

hours.   After   treatment 

cells   were   lysed   and 

analyzed   for  caspase-3 

activity. Caspase-3 exists 

as a pro-enzyme that is 

cleaved   and   activated 

during the induction of 

apoptosis (34). Caspase-3 

activation     in     PMN 

increased with increasing 

doses of SM in the absence 

of     UV      irradiation 

(Figure 18).   Exposure to 

UV irradiation caused a 

higher level of caspase-3 activation than incubation with 100 pM SM alone but there was no 

detectable enhancement of UV induced apoptosis in SM treated cells. 
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ROS Production 
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Figure 15. 

Effects of various agents on priming PMN oxidant 
production. PMN were loaded with 30 /xM 
dihydrorhodamine 123 and then treated with medium alone 
(Panel A) 50 [M SM (Panel B), 100 ng/ml IL-8 (Panel C) or 
1000 units/ml of GM-CSF (Panel D) for 60 minutes. PMN 
were then treated with (clear histogram) or without (shaded 
histogram) 10"^ M fMLP and mean channel fluorescence (as 
a marker of oxidant production) was determined by flow 
cytometery. The numbers in each panel correspond to the 
mean channel fluorescence for PMN treated with or without 
10"^ M fMLP. Results are representative of 4 separate 
exneriments. 
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Figure 16. 

SM priming does not rescue PMN form UV-induced 
apoptosis. PMN were incubated with 50 |iM or 100 |iM 
SM for 60 minutes, exposed to UV-irradiation and then 
cultured for 5 hours at 37°C. PMN were stained with 
phycoerythrin (PE) labeled anti-CD 16 and analyzed by 
flow cytometry. As PMN become apoptotic they loose 
CD 16 and move from the CD 16™ to CD 16^ gate. PMN 
in the CD 16^ gate were considered apoptotic, while cell 
in the CD 16"'gate were considered viable. 

No SM       50nM SM    100|JM SM 

Figure 17. 

SM priming does not rescue PMN form 
UV-induced apoptosis. The cumulative 
percentage of CDie''" PMN (apoptotic) 
from the un-irradiated (open bars) or 
UV-irradiated (filled bars) conditions, 
from the experiment described in (A), 
are shown. Bars represent the mean + 
SEM of 3 separate experiments. * = p < 
0.05 repeated measures ANOVA with 
Tukey-Kramer multiple comparisons 
test. 

Figure 18. 
SM priming does not rescue PMN form UV-induced 
apoptosis. PMN were incubated with either 5, 10, 
25, 50, or 100 mM SM for 60 minutes, exposed to 
UV irradiation and then cultured for 2 hours at 37°C. 
Cells were lysed and caspase-3 activity measured 
using a colorimetric assay. Filled triangles are cells 
exposed to SM and UV. Open squares represent 
PMN incubated with SM but not subsequently 
exposed to UV. Error bars represent the standard 
deviation of 3 experiments. The upper dashed line 
represents caspase-3 activity for cells exposed to UV 
only in the absence of SM incubation, the lower 
dashed line represents the background caspase-3 
activity for cells not exposed to either SM or UV. 
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These data suggest that SM does not prolong survival of PMN following UV-irradiation and 

in addition appears to promote apoptotic progression. 

SM is not itself a chemoattractant for PMN (SOW Task 10) 

In acute inflammation PMN extravasate from the vasculature and migrate to foci of 

injury following a chemoattractant concentration gradient consisting of exogenous agents 

such as bacterial cell wall components or endogenous chemical mediators expressed in the 

injured tissue. Since PMN rapidly infiltrate SM lesions, the possibility exists that SM itself 

could directly stimulate chemotaxis. To determine if SM was a chemoattractant for PMN, 

purified PMN were placed in the upper chamber of transwells above SM (at the indicated 

concentrations) in the lower wells. PMN traversing the membrane in 1 hour were quantified 

by counting. No PMN migration was observed at any of the SM concentrations tested (Figure 

19A) whereas dose dependent chemotaxis was observed for both GM-CSF and fMLP within 

the same experiment (Figure 19B and 19C). To determine if SM could induce PMN 

chemotaxis in this system, we exposed SV40 transformed human epithelial keratinocytes 

(HEK) to varying concentrations of SM. HEK were exposed to SM at the concentrations 

indicated for 1, 4, or 24 hours, and asked if the keratinocyte conditioned culture supematants 

could promote PMN chemotaxis. Transmigration of PMN across the membranes increased 

with both length of keratinocyte exposure and increasing concentration of SM (Figure 20). 

Taken together these data demonstrate that PMN infiltration into SM lesions is the result of 

signals expressed by epidermal cells following direct contact with SM. 

Low dose SM on primes PMN degranulation (SOW Task 10) 

During the differentiation of PMN form 4 types of exocytic granules termed primary 

granules (azurophilic), secondary granules (lactoferrin and coUagenase containing specific 

granules), tertiary granules (gelatinase containing granules) and secretory granules (31). Each 

type of granule contains a unique combination of soluble antimicrobial factors that are 

released into the extracellular matrix following activation and a number of membrane bound 

granule-specific receptors. The granule-specific membrane bound receptors become 

incorporated into the plasma membrane after degranulation as part if the exocytic process 

and modulate PMN activation. Recent studies have determined that the translocation of 

internal vesicular membrane receptors, IL-10 receptor (CD210w) and CD63, to the external 
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Figure 19. 

SM is not chemoattractive for PMN. Purified PMN were placed in the upper chambers of 
transwells (5 /xm pore membrane) above the chemotactic agent to be tested A) SM, B) GM-CSF 
or C) fMLP at the indicated concentrations. Cells traversing the membrane were collected and 
counted using a hemocytometer. The error bars represent the standard deviation of triplicate 
wells. These data are representative of 3 experiments. 

60 
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Figure 20. 

Human epidermal keratinocytes exposed to SM express PMN chemoattractants. Transformed 
human epidermal keratinocytes (HEK) were exposed to either 50 juM or 100 /xM SM or no SM 
for intervals of 1, 4, or 24 hours. The culture medium from exposed HEK (conditioned media) 
was collected and tested for chemoattractant activity on purified PMN (A). PMN were placed in 
the upper chambers of transwells (5 jLim pore membrane) above the HEK conditioned media, and 
cells traversing the membrane were collected and counted using a hemocytometer. PMN 
chemotactic activity induced by HEK conditioned media was both SM dose and time of 
exposure dependent. The chemotactic activity of HEK conditioned media is compared to 
B) GM-CSF and C) fMLP at the indicated concentrations. The error bars represent the standard 
deviation of triolicate wells. These data are reoresentative of 3 exoeriments. 
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surface of the plasma membrane specifically occurs as a result of exocytosis of secondary 

and azurophilic granules, respectively (18, 19, 31). We measured the surface evolution of the 

IL-10 receptor and 

CD63    by    flow 

cytometry       to 

determine whether 

SM   primes   PMN 

degranulation. 

PMN were 

incubated with SM 

for 1 hour and then 

analyzed for cell- 

surface receptor 

expression with or 

without stimulation 

with 1 [iM fMLP. 

PMN exposed to 

SM alone showed 

no increase in IL-10 

receptor or CD63 

surface receptor 

expression over 

PMN     incubated 

Figure 21. 

SM primes exocytosis of PMN granules. Purified PMN were 
primed for 1 hour with SM at the indicated concentrations and 
stimulated with 1 [iM fMLP. A) Cells were stained with a 
phycoerythrin (PE)-conjugated anti-IL-10 receptor mAb as a 
measure of secondary granule exocytosis. IL-10 receptor is 
uniquely expressed in PMN on the inner vacuolar membranes of 
secondary granules and appears at the cell surface following 
degranulation. IL-10 receptor expression at the surface of the 
plasma membrane correlates with lactoferrin release from PMN. B) 
Cells were stained with a (PE)-conjugated anti-CD63 mAb as a 
measure of primary (azurophilic) granule exocytosis. CD63 
(LAMP-3) is a lysosomal tetraspanin membrane protein expressed 
uniquely in azurophilic granules of PMN and correlates with 
elastase release. The error bars represent the standard error of the 
mean of 3 separate experiments. 

with medium alone (Figure 21A and 21B). This result is consistent with the observation that 

most priming agents are not able to stimulate PMN degranulation except at very high 

concentrations (6, 7). PMN priming with SM followed by activation with fMLP resulted in a 

dose-dependent increase in cell surface expression of CD63, indicating azurophilic granule 

exocytosis (Figure 21B). SM priming and fMLP activation had less of an effect on the 

surface expression of IL-10 receptor where an increase was only detected after incubation 

with 200/xM SM (Figure 21 A). These data indicate that although SM does prime PMN 

exocytosis of both secondary and azurophilic granules, the mechanism through which SM 

acts on each compartment may be different. 
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Low dose SM primes phagocytic activity by PMN (SOW Task 10) 

To determine whether exposure to low-doses of SM could prime PMN phagocytosis, 

purified PMNs were incubated for 60 minutes with medium alone or the indicated 

concentrations of SM, followed by introduction of the activating agent fMLP and opsonized 

fluorescent latex beads. The use of opsonized latex beads suggests that phagocytosis by PMN 

will be mediated by Fey receptors, two of which (FcyRII and FcyRIIIB) are constitutively 

expressed by circulating PMN (43). GM-CSF was used as a positive control for PMN 

phagocytic function (44, 45). PMN are professional phagocytes with a high basal phagocytic 

activity in the absence of priming (46). However, priming a population of PMN for enhanced 

phagocytic function may be accomplished by several pathways: a) increasing the number of 

phagocytic cells in the population; b) increasing the rate at which cells can ingest particles; 

0.01 0.1 1 

GM-CSF [nM] 
0.01 0.1 1 

GM-CSF [nM] 

Figure 22. 

0.1 1 

GM-CSF [nM] 

SM primes phagocytic function in PMN. Purified PMN were primed for 1 hour with 
SM or GM-CSF at the indicated concentrations. Following priming, 1/xm fluorescent 
latex beads (opsonized with autologous serum) were added to the PMN along with 1 
juM fMLP as an activating agent. Phagocytosis was determined by flow cytometry 
analysis of at least 10^ PMN. A) The percent of phagocytic PMN was calculated as 
the ratio of PMN containing at least 1 bead over the total PMN analyzed. B) The 
mean number of beads ingested/PMN was calculated as the mean fluorescence 
intensity of the population of PMN that contained at least 1 bead. Voltage settings 
were adjusted on the flow cytometer so that a single fluorescent bead had a mean 
fluorescent intensity signal of 1 unit. C) The phagocytic capacity resulting from 
priming of PMN was taken as the proportion of cells that ingested six or more beads. 
These data are representative of 3 separate experiments. 

and c) increasing a cells capacity for ingested particles. When purified PMN were incubated 

with medium alone (unprimed), 87% were phagocytic (having ingested at least 1 bead; 

Figure 22A). This observation is consistent with the findings of Alves Rosa et al. that 
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showed 75% of PMN to be phagocytic in fMLP-treated samples incubated with 

antibody-coated sheep red blood cells (46). Following priming with SM, recruitment of 

previously non-phagocytic PMN occurred in a dose-dependent manner. The observed 

increase in the percentage of phagocytic cells was comparable to the recruitment observed 

when cells were primed with GM-CSF (Figure 22A). SM priming, also resulted in a dose- 

dependent increase in the rate of PMN phagocytic activity (as measured by the mean number 

of ingested by beads each cell) that was approximately 2-fold the rate of unprimed cells at a 

SM concentration of 200 [iM (Figure 22B). In addition, SM exposed PMN showed an 

increase in the capacity of ingested beads (as measured by the percentage of cells containing 

6 or more beads; Figure 22C). The observed trends in SM priming of PMN phagocytic 

function were comparable with the phagocytic priming by GM-CSF. 

SM priming of PMN is signaled through ERK andp38 MAPK pathways (SOW Task 10) 

Phosphorylation of p38 MAPK has been implicated in the transduction of stress 

signals in many cell types including PMN (33, 35-37). p38 MAPK is a member of the MAPK 

family, which like ERK requires phosphorylation of both tyrosine and threonine residues for 

activation of outside-in signaling. In our experiments PMN incubated in medium alone 

demonstrated increased phosphorylation of p38 MAPK over time, which may indicate a 

stress response during culture. It may also be related to the spontaneous onset of apoptosis as 

p38 MAPK has been found in some models to be associated with the induction of apoptosis 

(26). Since moving the laboratory from Michigan, we have made many attempts to detect 

ERK and p38 phosphorylation in response to SM exposure. However, using western blotting 

to measure phosphorylation we have had a great deal of difficulty in detecting changes in 

ERK and p38 signaling over the spontaneous background (data not shown). For this reason 

we tried a different approach using the Bioplex bead array system. This system uses 

antibody-conjugated beads and is analyzed on the laser based Luminex system similar to 

flow cytometry and is very sensitive to small changes in phospho-protein levels . The results 

of two independent experiments run with duplicate samples shows that infact there is no 

detectable ERK or p38 phosphorylation in response to SM exposure at concentrations. 
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Freshly purified PMN were incubated with SM at concentrations of either 100 {iM or 

200 jLiM, and harvested at 5, 15, 

30, 60, 120, or 240 minutes of 

exposure. At each time point cells 

were collected by gentle 

centrifugation for 1 minute, the 

medium was removed and the cell 

pellet frozen in liquid nitrogen. 

All frozen pellets were stored at - 

80° C until analyzed. Cells were 

lysed on ice in the presence of 

proteinase inhibitors and 

orthovanadate (phosphatase 

inhibitor) to prevent degradation 

of the phospho-protein as per the 

standard Bioplex lysis protocol. 

Lysates were analyzed using 

Bioplex beads conjugated to 

antibodies that recognized either 

phospho-ERK 1 and 2 or 

phospho-p38. The levels of 

phospho-protein were compared 

to EOF stimulated or UV 

irradiated human epidermal 

keratinocytes (HEK; + control) or 

unstimulated PMN and unstimulated Hela cells (- controls). No phosphorylation above the 

negative control background was detected at any of the time points for either ERK (Figure 

23A) or p38 (Figure 23B). These data suggest that although SM primes PMN functions such 

as ROS production, phagocytosis, degranulation and chemotaxis it does not signal through 

these branches of the MAP kinase pathway. 
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Figure 23. 
SM does not signal through ERK or p38 in exposed 
PMN. Purified PMN were incubated with SM at the 
indicated concentrations and harvested at the 
indicated exposure times. PMN were lysed and 
analyzed in duplicate by Bioplex bead array. These 
data represent the means and standard deviations of 
2 independent experiments. For ERK signaling: -i- 
control was EOF treated HEK cells, - control was 
untreated Hela cells. For p38 signaling: -i- control 
was UV-irradiated HEK cells, - control was 
untreated Hela cells. 
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KEY RESEARCH ACCOMPLISHMENTS 

1) Dose/Time response experiments defining optimal priming conditions for IL-8, IL-ip, 

LTB4, C5a and GRO. 

2) Actin polymerization in response to fMLP is not a "primeable" response, but rather an "all 

or nothing response." 

3) IL-8, IL-ip, LTB4, C5a and GRO enhance PMN phagocytic function. 

4) The DNA laddering which is consistent with endonuclease activation during the execution 

phase of apoptosis is decreased in PMN treated with GM-CSF but not by IL-8, IL-ip, LTB4, 

C5a and GRO. 

5) p42/p44 ERK phosphorylation is rapidly upregulated by GM-CSF and IL-8. GRO and 

LTB4 also upregulated ERK phosphorylation at the earliest time point (5 min), but not to the 

degree of GM-CSF or IL-8. LPS induced delayed upregulation of ERK phosphorylation. IL- 

IP does not appreciably influence ERK phosphorylation in PMN. 

6) In vitro culture of PMN was associated with a steady increase in the degree of p38 MAPK 

phosphorylation over time. In contrast to ERK phosphorylation, IL-ip upregulated 

phosphorylation of p38 MAPK early in PMN when compared to control. GRO and LTB4 

upregulated p38 MAPK phosphorylation at the earliest time point (5 min). PMN treated with 

GM-CSF or IL-8 demonstrated delayed upregulation of p38 MAPK phosphorylation. Finally 

LPS treatment did not appreciably alter p38 MAPK phosphorylation. 

7) Low dose SM primes PMN oxidant production. 

8) Low dose SM does not protect PMN from apoptosis in either the in vitro culture or UV- 

accelerated models of PMN apoptosis. Rather low dose SM treatment of PMN was 

associated with a more rapid progression of PMN into apoptosis in the in vitro culture model 

and had an additive effect on apoptosis in the UV accelerated model. Thus SM induces 

apoptosis in PMN. 

42 



Final Report: MIPR# 0EC5F70083     John F. Sweeney 

9) Low doses of SM prime the release of PMN specific and azurophilic granules as measured 

by the appearance of the granule specific markers IL-10 receptor (CD210w) andCD63 

respectively. 

10) Low dose SM primes PMN for enhanced phagocytic activity increasing the number of 

phagocytic cells, the rate at which particles are ingested and the capacity of the PMN. 

11) SM is not a chemoattractant for PMN. 

12) Exposure of PMN to SM does not induced signaling through the phosphorylation of ERK 

1/2 or p-38 MAPK. This suggests that SM priming of PMN is not signaled through receptor 

mediated pathways similar to those employed by many of the inflammatory cytokines. 
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CONCLUSIONS 

Exposure of skin and other epithelial surfaces to sulfur mustard (SM) produces a 

reproducible pattern of injury (1). In addition, there is increasing evidence that SM produces 

a secondary inflammatory response that may cause extension and prolongation of the initial 

tissue injury. SM wounds have been shown to contain detectable mRNA and protein levels of 

interleukin 1-beta (IL-iP), interleukin 8 (IL-8), growth-regulated oncogene alpha (GRO), 

leukotriene B4 (LTB4), and the activated complement 5 fragment (C5a) (12, 13). These 

agents all have potent pro-inflammatory functions. In addition, neutrophil (PMN) influx into 

areas of SM induced tissue injury, has been seen as early as 3 hours of the initial SM 

exposure. The possibility therefore exists that early infiltrating PMN may be exposed to low 

doses of SM and/or to these pro-inflammatory agents (known to be present in SM induced 

wounds), which may increase the secondary inflammatory response and worsen the local 

tissue injury and prolong the time taken to resolve the lesion. 

We focused a large part of the initial year of investigation on the effects of pro- 

inflammatory agents known to be released in SM wounds on PMN functions. We undertook 

a series of dose and time response experiments to document the optimal priming dose of IL- 

Ip, IL-8, GRO, LTB4, and C5a on neutrophil oxidant production. PMN were pre-incubated 

with 10-fold serial dilutions of each agent at multiple time points. Oxidant production in 

response to 10"^ M fMLP was then measured by following the oxidation of a chromophore to 

its fluorescent diadduct (PHPA (PHPA)2) using the methodology previously described (17). 

Figure 1 is a tracing representing a single dose of IL-8 at a single pre-incubation time point. 

A minimum of 4 experiments at each pre-incubation time point and dilution dose were 

undertaken for each agent. In order to summarize and compare the data generated, we 

determined the change in fluorescence (AF) from 30 - 65 seconds, which then allowed us to 

calculate the slope (AF/sec) for each tracing. Mean slopes for each dose and pre-incubation 

time point were then plotted for each agent and are represented in Figures 2-6. Our results 

demonstrate that the optimal priming dose for PMN oxidant production for each agent was 

100 ng/ml except for IL-ip that was 100 units/ml. The pre-incubation time associated with 

the optimal priming of fMLP induced oxidant production was slightly different for each of 

the agents. IL-8 primed PMN for peak oxidant production between 5 and 15 minutes with the 

100 ng per ml dose. GRO primed peak PMN oxidant production after 15 minutes of 

incubation. C5A primed PMN oxidant production as early as 5 minutes, which maximized by 
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60 minutes and then decreased below the earlier time points. LTB4 primed a bimodal 

response in PMN oxidant production with an early peak at 5-15 minutes, followed by a 

decrease at 30 minutes, with a subsequent increase over the remaining incubation period. IL- 

ip had a very narrow window of priming PMN oxidant production at the 15 minute time 

point. Although some of the agents were associated with maximal priming of PMN oxidant 

production at later time points (C5 a and LTB4), they all uniformly primed PMN oxidant at 

5-15 minutes of incubation. We therefore selected this pre-incubation period for the 

investigations focusing on other PMN anti-microbial functions. 

We next investigated the effect of each of these agents on priming PMN actin 

polymerization. This is a marker of the cytoskeletal reorganization required for PMN 

chemotaxis. We failed to show any "priming" of this response for any of the agents known to 

be present in SM induced wounds. These results suggest that the actin polymerization 

response is an all or nothing response and is not a "primeable" phenomenon. However, the 

experiments on the effect of these agents on PMN phagocytic function, demonstrated a 

significant increase in phagocytic function for each agent. These data indicate that although 

cytoskeletal rearrangements were not detected as "primable", functions associated with the 

rearrangements were. 

Recent studies have shown that several pro-inflammatory factors, which are known to 

prime PMN functions, also prolong PMN survival by inhibiting apoptosis. Bacterial 

lipopolysaccharide (LPS), tumor necrosis factor (TNFa), interleukin-1 (IL-1), granulocyte- 

macrophage colony stimulating factor (GM-CSF) and granulocyte colony stimulating factor 

(G-CSF) have all been shown to delay PMN apoptosis during in vitro culture (25,47-49). We 

have also demonstrated that LPS and GM-CSF protect PMN from apoptosis in an ultraviolet 

(UV) irradiation accelerated model of PMN apoptosis (24). It is possible that the priming 

effect, which these pro-inflammatory agents have on PMN function, is somehow closely 

related to their ability to prolong PMN survival. The DNA laddering which is indicative of 

endonuclease activation, is felt to be a hallmark of the execution phase of PMN apoptosis. 

We therefore evaluated the ability of IL-1 (3, IL-8, GRO, LTB4, and C5a to prevent DNA 

laddering in the UV-accelerated and in vitro culture models of PMN apoptosis. GM-CSF was 

used as a positive control for these experiments. Results using the UV-accelerated model of 

apoptosis demonstrate that pre-incubation with GM-CSF does decrease the degree of DNA 

laddering when compared to control PMN that received UV treatment. There appeared to be 
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a slight difference in DNA laddering in PMN treated with IL-ip, IL-8 and LTB4, but 

otherwise there was not a significant amount of decrease in DNA laddering in any of the 

other PMN groups treated with the agents known to be present in SM induced wounds. We 

have previously shown that IL-8 pre-treatment does decrease PMN apoptosis using flow 

cytometry to detect CD 16 shedding in the UV accelerated model (Sweeney et al., 

unpublished observations). CD 16 shedding is a membrane event in the execution phase of 

PMN apoptosis and may not necessarily directly correlate with the presence or absence of 

DNA laddering. In addition we have previously demonstrated that there is a threshold level 

of PMN apoptosis that is required before DNA laddering becomes evident (24). These agents 

may therefore cause a decrease in other markers of PMN apoptosis but not actually decrease 

them below the threshold level associated with the presence or absence of DNA laddering. In 

the second half of the contract period, we plan to correlate the membrane and cytoskeletal 

events associated with PMN apoptosis to the nuclear events. 

We also demonstrated that there was a differential activation of ERK phosphorylation 

in neutrophils treated with agents known to be present in SM induced wounds. In these 

investigations we utilized GM-CSF and bacterial lipopolysaccharide as positive controls. 

Both agents are known to protect PMN from apoptosis and to prime PMN functions. GM- 

CSF significantly upregulated ERK phosphorylation at very early time points. LPS was 

associated with a delayed increase in ERK phosphorylation out to the later time points of the 

experiment. IL-ip, an agent that demonstrated a very narrow efficacy for priming neutrophil 

oxidant production, did not significantly stimulate neutrophil ERK phosphorylation. LTB4 

and GRO demonstrated an early increase in ERK phosphorylation at the five minute 

incubation period but otherwise was no different than control. Finally, IL-8 also significantly 

up regulated ERK phosphorylation at the early incubation periods. 

Phosphorylation of p38 MAPK was also investigated. p38 MAPK has been 

implicated in the transduction of stress signals in many cell lines. p38 MAPK is a member of 

the MAPK family, which like ERK requires phosphorylation of closely spaced tyrosine and 

threonine residues for activation. p38 MAPK is present in PMN and Interestingly, control 

PMN incubated in medium alone demonstrated increased phosphorylation of p38 MAPK 

over time, which may be consistent with the stress response associated with being cultured 

on plastic. It may also be related to the spontaneous onset of apoptosis as p38 MAPK has 

been found in some models to be associated with the induction of apoptosis (26). IL-ip did 
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induce p38 MAPK activation as opposed to ERK phosphorylation. IL-8 and GM-CSF also 

induced an up regulation of p38 MAPK phosphorylation but this was at much later time 

points than that seen with ERK phosphorylation. LTB4 and GRO also induced 

phosphorylation at the five minute time point that was similar to the effect of these two 

agents on ERK phosphorylation. ERK and p38 signaling were also investigated in PMN 

directly exposed to SM. No signaling through ERKl and 2 or p38 pathways was detected 

following SM exposure. These data indicate that, although SM primes PMN functions such 

as ROS production, phagocytosis, degranulation and chemotaxis, it does not signal through 

these branches of the MAP kinase pathway. 

PMN influx into acute SM wounds has been demonstrated in many studies in both 

animals and humans. Since PMN infiltration can occur as early as 30 minutes post-SM 

exposure (10) the possibility exists that, despite the short half-life of active SM, early 

infiltrating PMN may be directly exposed to low doses of SM within the area of direct 

exposure. We therefore investigated the direct effect of low dose (<200 |iM) SM exposure on 

PMN function. 

The release of anti-microbial factors by PMN is typically a two-step process 

consisting of 1) priming and 2) activation. Priming is the process of preparing PMN for an 

enhanced response to a secondary or activating stimulus through the up-regulation of cell 

surface receptors specific for activating agents (7). On ligation of activating receptors, 

primed PMN produce reactive oxygen species (ROS), increase phagocytic activity, 

exocytose granules containing proteolytic enzymes and increase chemotactic activity. In 

addition many cytokines extend the life span of PMN by blocking apoptotic pathways. We 

examined if direct exposure to low concentrations of SM could prime or activate purified 

human PMN in vitro in a manner similar to the priming induced by endogenous cytokines. 

Our results show that low dose SM primes ROS production by in response to fMLP. 

The priming effect of SM on PMN ROS production was dose dependent with 50 fiM SM 

appearing to be the optimal PNN priming dose. We also compared the effect of 50 nM SM to 

two cytokines, which are known to prime many PMN functions. Although less than GM-CSF 

and IL-8, these additional experiments confirmed the priming effect of 50 /xM SM on PMN 

ROS production. This suggests that in addition to the direct tissue injury mediated by SM, 

SM could also play a role in amplifying the secondary inflammatory response. 

We examined the effect of 50 ju.M and 100 /iM SM (doses that primed PMN oxidant 
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production) on PMN apoptosis. Both 50 jiiM and 100 ju.M SM failed to protect PMN from 

UV-accelerated model apoptosis. Furthermore, both doses induced/accelerated apoptosis in 

PMN. Although the results of priming PMN oxidative function coupled with inducing PMN 

apoptosis appear puzzling on face value, we have found similar results when studying the 

effects of another PMN priming agent, Tumor Necrosis Factor Alpha (TNFa) (Sweeney et 

al., unpublished observations). One potential mechanism for priming of PMN ROS 

production by SM may be through enhanced production of reactive oxygen intermediates by 

SM treated PMN. Activated PMN are known to produce reactive oxygen species (ROS), 

which have long been regarded as toxic agents implicated in antimicrobial defense. There is 

now however considerable evidence that ROS also act as intracellular signaling molecules, 

which serve to promote tyrosine phosphorylation and enhance function in many different cell 

lines including PMN (50-53). Our experiments using flow cytometry to measure 

dihydrorhodamine 123 (H2RMI23) oxidation in SM treated PMN demonstrate minimal 

oxidant production in PMN treated with SM alone, raising doubt that priming of PMN 

oxidant production by SM is secondary to increases in ROS generation. Another potential 

mechanism is that SM directly causes subtle changes in the redox potential of the cell, which 

in turn generates signals that prime PMN oxidative function and induce PMN apoptosis. 

Because SM can act as a priming agent for ROS production by PMN, and PMN are 

rapidly recruited to sites of SM exposure, we asked if PMN infiltration into SM lesions was 

mediated directly by the vesicant itself or only through secondary cytokine signals expressed 

by exposed epidermal keratinocytes. Using a transwell assay, no chemoattractant activity for 

PMN was detected at any of the SM concentrations tested (25-200 juM), whereas dose 

dependent chemotaxis was observed for PMN incubated with either GM-CSF and fMLP 

within the same experiments. Since SM did not directly induce chemotaxis, we asked if 

keratinocytes exposed to SM expressed chemoattractants. Cultured human epithelial 

keratinocytes (HEK) were exposed to SM for up to 24 hours and the SM exposed 

keratinocyte conditioned media was tested for its ability to induce chemotaxis in PMN. 

Transmigration of PMN was enhanced, in a dose dependent manner, by both the 

concentration of SM to which the keratinocytes had been exposed and the duration of SM 

exposure. These data indicate that keratinocyte-expressed paracrine cytokine signals, induced 

by SM exposure, are capable of promoting PMN infiltration into SM lesions and, once there, 

stimulating their inflammatory function in situ. 
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PMN granules can be distinguished from one another by the set of unique soluble and 

membrane bound markers that each contain. Exocytosis of these granules results in release 

of granule-specific proteins and the translocation of specific membrane bound receptors to 

the external surface of the plasma membrane. We took advantage of recent studies showing 

that the release of secondary and azurophilic granular contents correlates with the 

translocation of their corresponding intra-vesicular receptors, IL-10 receptor (IL-IOR) and 

granulophysin (CD63), to the plasma membrane (18, 19,41). To determine whether SM 

could prime PMN degranulation, cell-surface expression of IL-IOR and CD63 was measured 

by flow cytometry. SM primed PMN azurophilic degranulation in a dose dependent manner 

in cells activated with fMLP. SM also primed PMN exocytosis of secondary granules, but 

only at the highest dose tested (200 ^.M). These results demonstrate that SM primes PMN 

exocytosis of both secondary and azurophilic granules, but SM preferentially primes release 

of azurophilic granules. Previous studies have demonstrated that the signaling pathways that 

regulate PMN degranulation dictate a hierarchy of granule release in which secondary 

granule exocytosis precedes azurophilic granule exocytosis (41). Our results using SM as the 

priming agent show the opposite trend where azurophilic granules are released at lower SM 

doses than the secondary granules. These data suggest that SM priming of PMN granule 

exocytosis may be signaled through a different pathway than that used by cytokine priming 

agents. 

Enhanced phagocytic function of PMN can be detected by measuring one or more of 

the following parameters: a) the total number of cells that are phagocytic, b) the rate at 

which phagocytic cells take up particles or c) the total phagocytic capacity of each cell. We 

examined whether exposure to low-doses of SM could prime PMN phagocytosis of 

opsonized fluorescent latex beads when activated by fMLP. Exposure of PMN to fMLP alone 

gave a high background of phagocytic activity in which 87% of PMN were shown to be 

phagocytic (internalize 1 or more beads). Exposure to SM further enhanced phagocytosis in 

a dose-dependent manner that was similar to the induction of phagocytosis in cells stimulated 

with GM-CSF. The rate of phagocytosis for PMN primed with SM (measured as the average 

number of beads internalized in the 1 hour period) and the phagocytic capacity of the PMN 

(measured by percentage of cells containing 6 or more beads) also increased in a dose- 

dependent manner. Similar increases in PMN phagocytic function were observed for all 

parameters measured following priming with GM-CSF. The comparable effect on PMN 

51 



Final Report: MIPR# 0EC5F70083     John F. Sweeney 

phagocytosis by both SM and GM-CSF suggests that SM could signal through the same 

pathway as GM-CSF in priming PMN phagocytosis. 
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8 Abstract 

9 Sulfur mustard (2,2' -bis-chloroethyl-sulfide; SM) is a chemical warfare vesicant that causes debilitating skin lesions. 
10 Although a great deal of work has focused on the direct effects of SM exposure on the epithelium, it is unclear how much the 
11 inflammator>' response, induced by exposure, contributes to lesion pathogenesis. Keratinocytes exposed to SM express a 
12 number of inflammatory mediators and elicit a cellular infiltrate consisting largely of polymorphonuclear leukocytes (PMN). 
13 PMN infiltration into SM lesions occurs as early as 30 min and peaks after several hours postexposure, and, despite the 
14 relatively short half-life of SM, PMN infiltrating a lesion could be exposed to micromolar concentrations of the agent. 
15 Previously, we have shown that exposure to low doses of sulfur mustard prime oxidative function in human PMN. The current 
1() study was undertaken to evaluate the effects of low-dose SM exposure on PMN phagocytosis, degranualtion and chemotaxis. 
17 PMN exposed to low doses of SM (50-200 ).iM) showed a dose-dependent enhancement of phagocytic function. Exocytosis of 
18 PMN azurophilic and specific granules [determined by analysis of granule-specific intravesicular receptors, Interleukin 10 
19 receptor (IL-IOR) and CD63] was also enhanced by SM exposure. Finally, we examined the effect of SM as a chemoattractant 
20 for PMN and show that SM is not itself a chemotaxin. These results suggest that SM injury may, in part, be caused by nontial 
21 inflammatory function, and that therapeutic strategies aimed at down-regulating PMN activation could lessen the severity of SM 
22 injury and the time required for its resolution. 
23 e 2004 Published by Elsevier B.V. 
21 

25 Keyword.';: Sulfur mustard; Inflammation; Apoptosis; Priming; Ncutrophil 

26 

ii 1. Introduction 

29 Sulfur mustard (SM) is an alkylating agent used in 
30 chemical warfare that results in a bum-like injury 
31 lasting weeks to months [1,2]. The lesion is charac- 

* Corresponding author. Tel.; +1-713-794-7247; fax; +1-713- 
794-7938. 

E-mail address: jlcvitt@bcm.tmc.edu (J.M. Levitt). 
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doi;10.1016/j.imimp.2004.01.021 

terized not only by a direct cellular injury to the 32 
exposed epithelium but also by a secondary inflam- 33 
matory response. A considerable amount of work has 31 
been invested in defining the direct injury caused by 35 
sulfur mustard. However, little is known about the 3() 
role of the inflammatory response that follows in the 37 
pathogenesis of the lesion [3]. In vivo experiments in 38 
animals and in vitro experiments using human skin 39 
explants show that exposure to sulfur mustard indu- 40 
ces infiltrates of inflammatory cells and the produc- 41 
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42 tion of inflammatory chemical mediators [4-9]. The 

43 majority of the inflammatory cell infiltrate is com- 
44 posed of polymorphonuclear lymphocytes (PMN), 

45 which have been observed in sulfur mustard lesions 
46 as early as 30 min postexposure with a peak con- 
47 ccntration at 6-12 h [1,8,10-12]. Because PMN 
48 have been implicated in inflammatory-induced injury 
49 in a multitude of acute and chronic disease states 
50 [13], early infiltration of PMN raises the possibility 
51 that they could also be important mediators in sulfur 
52 mustard injury. 

53 PMN are phagocytes that, when activated, produce 
54 reactive oxygen species (ROS) and express a number 

55 of antimicrobial agents via exocytosis of prefonncd 
56 granules, all of which can be injurious to host tissue. 
57 PMN activation is a two-step process that requires an 
58 initial exposure to an agent, which  "primes" the 

59 PMN, and results in an amplified response to a 
60 secondary, or activating, stimulus [14,15]. Priming is 
61 important in modulating the activation of PMN be- 

62 cause unprimed circulating PMN are not capable of 
63 expressing the same antimicrobial capacity as primed 

64 PMN [14]. In vivo studies have also shown that the 
65 response from primed PMN can result in increased 
66 damage to host tissue when compared to unprimed 

67 PMN [16,17]. The extent to which a priming agent 
68 enhances PMN response to stimulus depends on the 
69 concentration of and length of exposure to the priming 
70 agent and can vary greatly between different agents 
71 [14]. Following SM exposure, it is possible that 
72 infiltrating PMN could be exposed to and primed by 
73 SM present in the tissue. 

74 Sulflir mustard has a short half-life (/1/2) of 19-24 
75 min in normal saline [18,19] and 30-60 min in the 

76 blood [18]. Using a Ua of 24 min, exposure to neat 
77 SM ( = 8 M) would yield an approximately estimated 
78 residual concentration of 300 |iM at 6 h postexposure 

79 [20]. Because PMN are known to infiltrate SM lesions 
80 as early as 30 min [1] and peak at 6-12 h postcxpo- 
81 sure [11], they could be exposed to low doses of SM 
82 provided that exposed skin is a reservoir for unreacted 
83 SM. 

84 Some of the early studies did not detect an appre- 
85 ciable reservoir of unreacted SM in human skin 
86 following exposure. A  1946 review by Renshaw 

87 [21] concluded that 80-90% of cutaneously absorbed 
88 SM passes into circulation and 10-20% remains in 

89 the skin. A study by Cullumbine [22] using skin 

samples excised fi-om human subjects demonstrated 90 
that free SM is present only in the epidermis and is 91 
undetectable after 30 min postexposure. Axelrod and 92 

Hamilton [23], however, demonstrated the presence of 93 
radiolabeled SM in the epidermis and dermis of 94 
human subjects 24 h postexposure. More recent 95 

studies have also provided evidence of residual SM 96 
in skin. Hambrook et al.  [24] demonstrated that 97 
approximately 70% of the SM dose applied to the 98 
skin could be accounted for in the blood at 6 h post- 99 

exposure, implying that 30% remained in the skin. 100 
Chilcott et al. [25] showed that a substantial portion of 101 

applied SM (31% under occluded conditions) could 102 

be exti-acted from heat-separated epidermal mem- 103 
branes and that less than 2% of the absorbed SM 104 
was fixed in the tissue 24 h postexposure. Drasch et 105 
al. [26] measured SM concentrations from tissues of 106 
an h-anian solider who died 7 days postexposure and 107 
detected milligram quantities of unmetabolized SM 108 

remaining in the abdominal skin. Riviere et al. [27], 109 
using isolated perfused porcine skin, also support the 110 
detection of millimolar to micromolar concentrations 111 

of SM at 6 to 8 h postexposure. Despite conflicting 112 
reports, in quantifying reacfive SM in the skin, the 113 

more recent studies show that SM is present during 111 
the period of inflammatory cell infiltration (30 min- 115 
12 h) [11]. These recent studies suggest that PMN 116 
could be directly exposed to SM. 117 

Previously, we have shown that exposure to low- 118 
dose sulfur mustard primes oxidative function in 119 
PMN, suggesting that the resulting enhanced response 120 
might contribute to tissue injury and delayed wound 121 

healing in sulfur mustard lesions. While ROS pro- 122 
duced by PMN have been shown to augment tissue 123 

damage as part of the inflammatory response, the 124 
products released from preformed granules could also 125 

contribute to autoimmune injury. Therefore, in this 126 
study, we examine the priming effects of sulfur 127 
mustard on degranulation, phagocytosis and chcmo- 128 
taxis by human PMN. 129 

2. Materials and methods 13(3 

131 
2.1. Reagents 132 

All reagents were purchased from Sigma unless     133 
otherwise noted. GM-CSF was obtained from R &    134 
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135 D Systems (Minneapolis, MN). Sulfur mustard used 
136 in these studies was obtained from the US Army 
137 Medical  Research  Institute of Chemical Defense, 
138 (USAMRICD,  Aberdeen  Proving  Ground,  MD, 
139 U.S.A) and supplied as a 9.5 mg/ml solution in 
140 pure ethanol, assayed at 98.2% purity by gas chro- 
141 matography. The SM was stored at   - 80  °C in 
142 airtight glass vials.  Under these  conditions,  SM 
143 is stable for many years  (USAMRICD, personal 
144 communication). 
145 
146 2.2. Purification ofPMN 

PMN were purified from either 100 ml fresh 
whole blood or from fresh buffy coats (purchased 
from the Texas Gulf Coast Blood Bank, Houston). 
Starting cell mixture was mixed with 6 volumes of 
pyrogen-free ammonium chloride lysis buffer (8.02 
mg/ml ammonium chloride, 0.84 mg/ml sodium 
bicarbonate and 0.037 mg/ml EDTA in pyrogen-free 
sterile DI H2O), mixed gently by inversion and 
incubated at room temperature for 5 min. Lysis 
mixture was ccntrifuged for 5 min at 310 xg, and 
the supernatant discarded keeping the cell pellet. 
Cells were washed once in DPBS supplemented 
with 2% fetal calf serum (D2) and resuspended in 
1 X HBSS with no serum. Cells were layered on top 
of a discontinuous gradient consisting of 1.069 g/ml 
percoll (Pharmacia, Uppsala, Sweden), underlayed 
with 1.090 g/ml percoll and centrifiaged for 20 min 
at 450 X g. The PMN, located at the interface 
between the 1.069 and 1.090 percoll layers, were 
removed, washed 2 x in D2 and resuspended in D2. 
Viable PMN were quantified by trypan blue exclu- 
sion on a hemocytometer dilute to the desired 
concentration. 
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171 2.3. Priming/stimulation of PMN 

172 One million purified PMN in 1 ml of D2 were 
173 placed into each well of 24-wcll polystyrene culture 
174 plates or in 12 x 75 mm tubes and incubated with the 
175 putative priming agent as indicated for 1 h at 37 °C in 
176 a 5% humidified CO2 environment. PMN were acti- 
177 vated by the addition of fMLP to a final concentration 
178 of 1 (iM and incubated for a frirther hour. Cells were 
179 assayed for phagocytosis degranulation or chemotaxis 
180 as described below. 

181 
2.4. Phagocytosis by PMN 182 

Purified PMN (1 x 10*^ in  1  ml DPBS supple- 183 
mented with 20% autologous serum) were placed in 184 
12 X 75 mm acrylic tubes and incubated for 1 h at 37 185 
°C in a 5% humidified CO2 environment, as de- 186 
scribed above in the priming agent. Fluorescent latex 187 
beads,  1   jam diameter (fluoresbrite® YGl, Poly 188 
Sciences, Warrington, PA), were opsonized with au- 189 
tologous serum for 15 min at room temperature and 190 
washed prior to mixing with primed PMN. Following 191 
priming, and coincident with the addition of 1 |.iM 192 
fMLP, the fluorescent latex beads were introduced 193 
into each tube at a concenfration of 30 bcads/PMN 194 
and mixed gently. Cells were then incubated for 1 195 
h further with the beads. Cells were washed 2 x  in 196 
ice-cold DPBS to remove beads adhering to the 197 
extracellular surface, fixed in 1% paraformaldehyde 198 
and stored at 4 °C until analyzed on an EPICS XL- 199 
MCL flow cytometer (Beckman-Coulter, Hialeah, 200 
FL). At least  10'' PMN were analyzed for each 201 
sample. Voltage settings were adjusted on the instru- 202 
ment so that PMN containing a single bead had a 203 
mean linear fluorescent signal of 1 unit. The mean 204 
number of beads ingested per PMN was calculated as 205 
the mean linear fluorescence of the population of 206 
PMN that contained at least one bead. The percent 207 
of phagocytic PMN was calculated as the ratio of 208 
PMN containing at least one bead over the total PMN 209 
analyzed x 100. 210 

211 
2.5. PMN degranulation 212 

Purified PMN (1 x 10^ in 1 ml D2) were primed 213 
for 1 h and stimulated with 1 ^M fMLP as above in 214 
24-well culture plates. Following 1 h stimulation, cells 215 
were washed 1 x   in ice-cold DPBS and incubated 216 
with either a phycoerythrin (PE)-conjugated anti- 217 
CD63 or PE-conjugated anti-CDw210 mAb (BD 218 
Biosciences, San Diego, CA) at 4 °C for 20 min. 219 
Cells were washed 1 x  in cold DPBS, fixed in 1% 220 
paraformaldehyde and stored at 4 °C until analyzed 221 
by flow cytometry. CD63 (LAMP-3) is a lysosomal 222 
tetraspanin membrane protein expressed in azuro- 223 
philic granules of PMN [28]. CDw210 (IL-10 recep- 224 
tor) is expressed in the inner vacuolar membranes of 225 
specific granules and appears at the cell surface 226 
following degranulation [29]. CDw210 expression at 227 
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228 the surface of the plasma membrane correlates with 
229 lactoferrin release from PMN. 
230 
231 2.6. PMN chemotaxis 

232 A transwell assay was performed by placing 300 
233 \i\ of the chemotactic agent dissolved in RPMI 1640 
234 (Invitrogen, Carlsbad, CA) or culture supernatant of 
235 HEK exposed to SM, in the bottom well of a 96-well 
236 plate (Neuro Probe, Gaithersburg, MD). A 5 |am pore 
237 membrane was placed over the bottom wells and 
238 4 X 104 purified PMN in a volume of 50 |il were 
239 placed on the membrane over each well. Cells were 
210 incubated at 37 °C in a 5% humidified COT environ- 
241 ment for 2 h before all cells were removed from the 
242 upper chamber using a cell harvester. The upper 
243 surface of the membrane was washed 2 x  in DPBS 
244 to remove adherent cells that had not traversed the 
245 membrane. The plate with the upper membrane at- 
246 tached was centrifuged for 10 min at 500 x g to pellet 
247 the migrated PMN in the bottom chamber. All but 50 
248 \x\ of the media in the lower well was removed, and 
249 the pelleted cells were resuspended by pipetting. Two 
250 10 i-il aliquots were counted using a hemocytometer, 
251 and the total number of cells in each well was 
252 dctemiincd. Each condition was tested in triplicate 
2.53 wells. 
254 
255 2.7. Keratinocyte culture 

256 Immortalized human epidermal keratinocytes 
257 transfcctcd with SV40 large T antigen were a gift 
258 fi-om Dr. Dennis Roop at Baylor College of Medicine. 
259 Keratinocytes were grown on type IV collagen-coated 
260 culture flasks in defined keratinocyte serum-free me- 
261 dium (Invitrogen) at 37  °C/5% COa- Cells were 
262 grown to 80% confluence before being exposed to 
263 SM. Conditioned supematants were harvested, snap 
264 frozen in LN2 and stored at - 80 °C until analyzed. 

265 3. Results 
266 
267 3.1. SM primes PMN phagocytosis 

268 Early infiltration into the site of injury raises the 
269 possibility that PMN are exposed to SM. To determine 
270 whether exposure to low doses of SM could prime 

PMN phagocytosis, purified PMNs were incubated 271 
for 60 min with medium alone or SM at the indicated 272 
concentrations, followed by introduction of fMLP as 273 
the activating agent and opsonized fluorescent latex 274 
beads. The use of opsonized latex beads facilitates 275 
PMN phagocytosis via Fc^ receptors, two of which 276 
(FC7RII and FC7RIIIB) are constitutively expressed 277 
by circulating PMN [30,31 ]. GM-CSF was used as a 278 
positive control to prime PMN phagocytic function 279 
[32,33], 280 

Enhanced phagocytic function can be detected by 281 
measuring one or more of the following parameters: 282 
(a) the total number of cells that are phagocytic, (b) 283 
the rate at which phagocytic cells take up particles or 284 
(c) the total phagocytic capacity of each cell. In 285 
samples incubated with medium alone, 87% of 286 
PMN were shown to be phagocytic (internalize one 287 
or more beads; Fig. lA). This observation is consis- 288 
tent with the findings of Alves Rosa et al. [34] that 289 
showed 75% of PMN to be phagocytic in flViLP- 290 
treated samples incubated with antibody-coated sheep 291 
red blood cells. Exposure to SM induced a dose- 292 
dependent increase in the proportion of phagocytic 293 
PMN that was similar to the induction of phagocytosis 294 
in cells stimulated with GM-CSF (Fig. lA). The rate 295 
of phagocytosis for PMN primed with SM, measured 296 
as the average number of beads internalized in the 1- 297 
h period, also increased in a dose-dependent manner, 298 
with an almost twofold increase over background at a 299 
concentration of 200 \M SM (Fig. IB). In addition, 300 
SM exposed PMN demonstrated a dose-dependent 301 
increase in their phagocytic capacity as measured by 302 
percentage of cells containing 6 or more beads (Fig. 303 
IC). Similar increases in PMN phagocytic function 304 
were observed for all parameters measured following 305 
priming with GM-CSF (Fig.  1). The comparable 306 
effect on Fc7R-mediated PMN phagocytosis by both 307 
SM and GM-CSF suggests that priming of PMN 308 
phagocytosis by SM could proceed via a mechanism 309 
similar to that responsible for priming by GM-CSF. 310 

311 
3.2. SM primes PMN degranulation 312 

PMN posses 4 types of preformed granules: azur- 313 
ophilic, specific, gelatinase and secretory granules 314 
[35]. Granules can be distinguished fi-om one another 315 
by the set of unique soluble and membrane bound 316 
markers. Exocytosis of these granules results in re- 317 
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Fig. 1. SM primes phagocytic function in PMN. Purified PMN were primed for 1 h with SM or GM-CSF at the indicated concentrations 
followed by the addition of opsonizcd fluorescent latex beads and fMLP as an activating agent. Phagocytosis was dctennined by flow cytometry 
analysis of at least 1C* PMN with voltage settings adjusted so that a singlc-fluorcscent bead had a mean fluorescent intensity signal of 1 unit. (A) 
The percent of phagocytic PMN was calculated as the ratio of PMN containing at least one bead over the total PMN analyzed. (B) The mean 
number of beads ingested per PMN was calculated as the mean fluorescence intensity of the population of PMN that contained at lea.st one bead, 
(C) The phagocytic capacity resulting from priming of PMN was taken as the proportion of cells that ingested six or more beads. These data are 
representative of three separate experiments. 

318 lease of granule-specific proteins and the translocation 
319 of specific membrane bound receptors to the external 
320 surface of the plasma membrane. Recent studies have 
321 determined that the release of specific and azurophilic 
322 granular contents con^elates with the translocation of 
323 their con^esponding intravesicular receptors, IL-10 
324 receptor (IL-IOR) and granulophysin (CD63), to the 
325 plasma membrane [28,29,35], To determine whether 
326 SM could prime PMN degranulation, cell-surface 
327 expression of IL-IOR and CD63 was measured by 
328 flow cytometry. 
329 PMN were incubated with SM for 1 h and then 
330 analyzed for cell-surface receptor expression with or 
331 without activation with 1 ji,M fMLP. PMN exposed to 
332 SM, in the absence of fMLP, showed no increase in IL- 
333 lOR or CD63 surface expression over PMN incubated 
334 with medium alone (Fig. 2A and B). This result is 
335 consistent with the observation that most priming 
336 agents are typically unable to activate effector func- 
337 tions of PMN except at very high concentrations 
338 [14,15]. SM primed PMN azurophilic degranulation 
339 in a dose dependent manner in cells activated with 
340 fMLP as measured by the increase in CD63 cell surface 
341 expression (Fig. 2B). SM also primed PMN for in- 
342 creased exocytosis of specific granules, with an almost 

twofold increase in IL-IOR expression over control at a 343 
sulfur mustard concentration of 200 pM (Fig. 2A). 344 
These results demonstrate that SM does prime PMN 345 
for exocytosis of specific and azurophilic granules. 346 
However, the dose required to prime-specific granule 317 
exocytosis was > 100 [iM, whereas azurophilic gran- 348 
ule release was observed for doses as low as 50 |iM. 349 
Previous studies have demonstrated that the signaling 350 
pathways which regulate PMN degranulation dictate a 351 
hierarchy of granule release in which specific granule 352 
exocytosis precedes azurophilic granule exocytosis 353 
[35,36]. The results of this study suggest that SM 354 
priming of PMN granule exocytosis proceeds through 355 
an alternative and yet undetermined pathway. 35G 

357 
3.3.  SM is  not itself a  chemoattractant hut SM 358 
exposure stimulates chemoattractant release 359 

Following exposure to SM, an inflammatory infil- 360 
trate composed chiefly of PMN is observed in the 361 
lesions [1]. Although it has been observed [4,7] that 362 
keratinocytes directly exposed to SM express cyto- 363 
kines that promote PMN chemotaxis, it is not known 364 
if SM present in the lesion can also directly induce 365 
chemotaxis. To determine if SM is a chemoattractant, 366 
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Fig. 2. SM primes exocytosis of PMN granules. Purified PMN were primed with SM at the indicated concentrations and activated with fMLP. 
(A) Cells were stained with a phycoerj'thrin (PE)-conjugated anti-IL-10 receptor mAb as a measure of secondary granule exocytosis. (B) Cells 
were stained with a (PE)-conjugated anti-CD63 mAb as a measure of primaiy (azurophilic) granule exocytosis. The error bars represent the 
standard en'or of the mean of three separate experiments. 

367 purified PMN were placed in the upper chamber of 
368 transwells above SM at the indicated concentrations in 
369 the lower wells. Cells traversing the 5 ^m membrane 
370 were quantified by counting. No detectable PMN 
371 chemotaxis was observed at any of the SM concen- 
372 trations tested, whereas dosc-dcpendent chemotaxis 
373 was observed for both GM-CSF and fMLP, used as 
374 positive controls, within the same experiment (Fig. 3). 
375 These data indicate that SM does not directly attract 
376 PMN to the site of exposure. 

In order to determine if the mediators produced by 377 
keratinocytes in response to SM were capable of 378 
inducing PMN chemotaxis, immortalized primary 379 
human epithelial keratinocytes (HEK) were exposed 380 
to SM at the concentrations indicated for either 1, 4 or 381 
24 h to create HEK conditioned media. Purified 382 
human PMN were placed in the upper chamber of 383 
transwells above the HEK conditioned media, and 384 
cells traversing the membrane were quantified. The 385 
media from unexposed HEK was used as a control. 386 
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Fig. 3. SM is not chcmoattracti\c for PMN. Purified PMN were placed in the upper chambers of transwells (5 |jm pore membrane) above the 
chemotactic agent to be tested. (A) SM, (B) GM-CSF or (C) fMLP at the indicated concentrations. Cells traversing the membrane were 
collected and counted using a hcmocytomctcr. The error bars represcnl the standard deviation of triplicate wells. These data arc representative of 
three experiments. 
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Fig. 4. Humiui cpidcnnal keratinocytes exposed to SM express 
PMN chemoattractants. Transformed human epidermal keratino- 
cytes (HEK) were exposed to either 50 or 100 fiM SM or no SM for 
intervals of 1, 4 or 24 h. The culture medium 'from exposed HEK 
(conditioned media) was collected and tested for ehemoattractant 
acti\'it>' on purified PMN. PMN were placed in the upper chambers 
of transwells (5 \ix\\ pore membrane) above the HEK conditioned 
media, and cells tra\ersing the membrane were collected and 
counted using a hemocytometer. PMN chemotactie activity induced 
by HEK conditioned media was both dependent on SM dose and 
time of exposure. The error bars represent the standard deviation of 
triplicate wells. These data are representative of three experiments. 

Both the exposure time and the SM concentration to 
which HEK were exposed affected PMN chemotaxis 
(Fig. 4). The greatest PMN chemotaxis was exhibited 
by HEK exposed to SM for 24 h, which showed a 10- 
fold increase in PMN transmigration over control at 
an SM concentration of 100 |iM (Fig. 4). Taken 
together, these data indicate that keratinocyte- 
expressed chemical signals, and not the direct action 
of SM, promote PMN infiltration into SM lesions. 

396 4. Discussion 

397 While the direct tissue injury in response to sulfur 
39S mustard has been well characterized (for a review, see 
399 Ref [3]), the role of the inflammatory response in the 
400 progression of SM histopathology is unknown. PMN 

are a key component of the initial inflammatory 401 
infiltrate following SM exposure and appear at the 402 
site of injury as early as 30 min postexposure [1]. 403 
PMN activation is a two-step process, of which the 404 
first step is priming. Exposure to a priming agent 405 
results in an amplified response to a secondary, or 406 
activating, stimulus [14, Swain, 2002 #34]. Despite 407 
the relatively short half-life of SM (19-24 min in 408 
nornial saline; [18,19,37]), it is likely that conccn- 409 
trations of 100-300 \xM are present in the lesion when 410 
PMN infiltration peaks 6 h postexposure. This raises 411 
the possibility that early infiltrating PMN are directly 412 
exposed to low doses of SM. We have previously 413 
shown that exposure to low doses of SM primes PMN 414 
production of ROS [20]. In this study, we have 415 
extended our previous findings to show that SM also 416 
primes PMN phagocytic function and degranulation 417 
but that SM does not directly act as a ehemoattractant. 418 

The effect of sulfur mustard on Fc7R-mediated 419 
phagocytosis was measured with opsonized fluores- 420 
cent beads. The total number of phagocytic PMN 421 
increased in a dose-dependent manner in PMN primed 422 
with low-dose SM. In addition, SM primed PMN 423 
exhibited a dose-dependent increase in the rate and 424 
capacity with which they phagocytosed opsonized 425 
beads. These results were comparable to the priming 426 
effect observed with the cytokine GM-CSF. Phago- 427 
cytosis by PMN has been shown to trigger the release 428 
of granule contents by fusion of preformed granules 429 
with the phagolysosome [30, Salmon, 1995 #238]. In 430 
addition, Fc7 receptor activation also stimulates the 431 
production of ROS [38]. Because ROS and PMN 432 
granule contents can be involved in tissue injury, it 433 
is possible that increased Fc-yR-mediated phagocyto- 434 
sis in SM-primed PMN could contribute potentially to 435 
SM-induced histopathology. 436 

SM primed PMN degranulation of both specific 437 
and azurophilic granules (Fig. 2). The concentration 438 
of SM required to prime-specific granule exocytosis 439 
in our experiments was higher than that required to 440 
prime azurophilic granule exocytosis (Fig. 2). These 411 
results appear inconsistent with previous observations 412 
on the regulation of PMN granule exocytosis [35]. 443 
Exocytosis of PMN granules is calcium-dependent 444 
and occurs in a hierarchy in which secretory granules 445 
are released first, then gelatinase granules, specific 446 
granules and, lastly, azurophilic granules [35,36,39]. 447 
Our observation that SM preferentially primes azur-    448 
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449 ophilic granule release suggests activation through an 
450 alternative, possibly calcium-independent pathway. 
451 SM has been shown stimulate a small increase in 
452 intracellular calcium and to inhibit receptor-mediated 
453 calcium signaling in human epithelial keratinocytes 
454 [40]. However, there have been no studies to date that 
455 have determined the signaling pathways in PMN 
456 exposed to SM. 
457 Although several previous studies have shown that 
458 SM-exposed keratinocytes express cytokines/chemo- 
459 kines with PMN chemoattractant activity (IL-1 p, IL- 
460 8, TNF-a and GM-CSF), the chemoattractant activity 
461 of SM has not been investigated [4,7]. Because low- 
462 dose SM is likely to be present in SM wounds at the 
463 time of PMN infiltration, we tested whether SM could 
461 function as a chemoattractant. In transwell assays, no 
465 PMN chemotaxis was detected when SM was used in 
466 the lower wells. Although SM was not found to be 
467 chemoattractant for PMN, GM-CSF and fMLP did 
468 have chemoattractant activity in our assays (Fig. 3). 
469 Additionally, PMN transmigration was stimulated 
470 when transwell assays were performed using the 
471 supernatants fi-om SM-exposed keratinocytes (Fig. 
472 4). Previous studies have identified a number of 
473 chcmotactic factors expressed by keratinocytes in 
474 response to SM such as IL-lp, IL-8, TNF-a and 
475 GM-CSF [4,7]. However, it has not been determined 
476 which factors or concentrations of factors are respon- 
477 sible for PMN infiltration into SM lesions. 
478 The results of this study indicate that SM primes 
479 PMN function. The resulting amplified inflammatory 
480 response is a potential source of damage to otherwise 
481 healthy tissue and could exacerbate the injury or 
482 prolong recovery. This suggests that inflammation 
483 and, in particular, PMN could play a role in the 
484 progression of SM lesions. Further characterization 
485 of the inflammatory response following sulfur mus- 
486 tard exposure could provide therapeutic targets for the 
487 treatment of SM injury. Investigations into the role of 
488 inflammation in sulfur mustard-induced lesions are 
489 currently underway in our laboratory. 
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Abstract 

Although considerable work has focused on understanding the processes of direct tissue injury mediated by the chemical 
warfare vesicant, sulfur mustard (2,2' -bis-chloroethyl sulfide; SM), relatively little is known regarding the mechanisms of 
secondary injury caused potentially by the acute inflammatory response that follows SM exposure. Polymorphonuclear 
leukocytes (PMNs) play a central role in the initiation and propagation of inflammatory responses that, in some cases, result in 
autoimmune tissue damage. The potential for PMN-derived tissue damage following SM exposure may, in part, account for the 
protracted progression of the injury before it resolves. The current study was undertaken to evaluate the priming, oxidative 
function, and viability of PMN following exposure to low doses of SM such as those that might remain in tissues as a result of 
topical exposure. Our results demonstrate that doses of SM ranging from 25 to 100 jiM primed PMN for oxidative burst in 
response to activation by fMLP, and that doses of SM ranging from 50 to 100 nM induced PMN apoptosis. Understanding the 
mechanisms through which SM directly affects PMN activation and apoptosis will be of critical value in developing novel 
treatments for inflammatory tissue injury following SM exposure. 
© 2003 Elsevier Science B.V. All rights reserved. 

Keywords: Sulfur mustard; Inflammation; Apoptosis; Priming; Neutrophil 

1. Introduction 

The skin and other epithelial surfaces are the first 
targets to be injured by sulfiir mustard (SM). SM 
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designated by other documentation. 
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exposure leads to a reproducible pattern of histolog- 
ical injury [1]. Considerable work has been focused 
on understanding mechanisms of direct cellular injury 
mediated by SM. We have previously demonstrated 
that doses of SM in the 500-1000 [iM range induce 
necrosis in endothelial cells and keratinocytes, and 
that doses of SM in the 250-500 |j,M range induce 
apoptosis [2,3]. These observations have been con- 
firmed and extended to other cell lines [4-6]. 

It  is  also  becoming  apparent that  direct  SM 
injury  is  followed by  a  secondary  inflammatory 

1567-5769/03/$ - see firont matter © 2003 Elsevier Science B.V. AH rights reserved. 
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response, which may cause extension and prolon- 
gation of the initial tissue injury mediated by SM 
[7-9]. Studies have demonstrated the presence of 
chemokines/cytokines in acute SM wounds, which 
are known to attract immune cells to sites of 
injury and infection [10,11]. Polymorphonuclear 
leukocytes (PMNs) are terminally differentiated 
granular phagocytes and play an essential role in 
innate immune responses. PMNs are the primary 
mediators of inflammation following tissue injury 
and are the initial immune cells recruited to foci 
of injury. Warthin and Weller [9] in 1918, using 
human volunteers, observed leukocyte infiltration 
into the site of SM exposure within 30 min of the 
injury and persisting for at least 6 days. In a 
hairless guinea pig model of SM injury, Millard et 
al. [12] documented recruitment of PMNs into 
acute SM wounds as early as 3 h postinjury. 
The PMN infiltration peaked at 6-12 h postinjury 
and preceded epidermal-dermal separation and 
other adverse changes in the subepidermal region 
[12]. 

Activation of PMN is generally thought to be a 
two-step process where an initial stimulus "primes" 
the cells, making them hyperresponsive to subse- 
quent activating stimuh [13-15]. Because PMNs 
are recruited into areas of SM injury as early as 
30 min post SM exposure, the possibility exists that 
the infiltrating cells may be directly exposed to low 
residual concentrations of SM present at the foci of 
injury. This is bom out by several studies that 
examined rate of SM degradation over time in 
aqueous media containing normal levels of saline. 
The half-hfe (ri/2) of SM in normal saline is 19-24 
min and, in the blood, the Tia of SM is 30-60 min 
[16-18]. Since the peak time of PMN infiltration is 
6-12 h postexposure and the concentration of neat 
SM at the skin surface would be approximately 8 
M, there would be a residual SM concentration of 
300 \M after 6 h at a Tm of 24 min. The effects of 
direct SM exposure on PMNs are unknown. We 
hypothesized that low levels of SM would prime 
PMNs, prolonging their survival and potentiating 
autoimmune tissue injury through the production 
of reactive oxygen species (ROS). In this study, 
we evaluate the direct effect of low-dose SM 
exposure (50-100 jiM) on the function and viabiUty 
of PMN. 

2. Materials and methods 

2.1. Reagents 

All reagents were purchased fi-om Sigma (St. 
Louis, MO) unless otherwise noted, granulocyte- 
macrophage colony-stimulating factor (GM-CSF) 
and interleukin-8 (IL-8) were obtained from R&D 
Systems (Minneapolis, MN). Dose-response curves 
using 10-fold serial dilutions of GM-CSF or IL-8 
determined the optimal doses for priming oxidant 
production by PMNs in response to the bacterial 
chemotactic peptide, fMLP, to be 1000 U/ml GM- 
CSF and 100 ng/ml IL-8 (data not shown). Sulftir 
mustard used in these studies was synthesized at the 
US Army Medical Research Institute of Chemical 
Defense (Aberdeen Proving Ground, MD) and sup- 
phed as a 9.5-mg/ml solution in pure ethanol, assayed 
at 98.2% purity by gas chromatography. The SM was 
stored at — 80 °C in air-tight glass vials. Under these 
conditions, SM is stable for many years (USAM- 
RICD, personal communication). 

2.2. Isolation of PMN 

All materials and solutions used in the preparation 
of PMNs were nonpyrogenic [containing undetectable 
(<0.1 ng/ml) endotoxin] by amoebocyte lysate assay 
(Sigma). Briefly, venous blood was collected fi-om 
healthy volunteers into 1/6 vol acid citrate dextrose 
(ACD) anticoagulant solution. PMNs were then par- 
tially purified from red blood cells by dextran-70 
sedimentation, and fijrther purified by PercoU gradient 
separation as previously described [19]. This method 
of PMN isolation yielded a PMN population of 
> 98% purity. 

2.3. Ultraviolet (UV) radiation accelerated PMN 
apoptosis 

Induction of PMN apoptosis by UV irradiation was 
performed as previously described [20]. Briefly, 
5 X 10^/ml of purified PMNs were seeded in 24-well 
polystyrene tissue culture plate (Costar) and allowed 
to settie into a monolayer. After settling, the cells were 
exposed to 50 or 100 \sM SM for 60 min. PMNs were 
then exposed from below to 312-nm UV irradiation 
for 15 min at room temperature at a distance of 2.5 cm 
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from the transilluminator surface (model 3-3000; 
Fotodyne). The UV intensity at 2.5 cm (measured 
through a standard tissue culture plate with a UVX 
Digital Radiometer; UVP, San Gabriel, CA) was 3.2 
mW/cm^. After UV irradiation, cells were incubated 
for 5 h at 37 °C/5% CO2 prior to apoptosis determi- 
nation. 

Apoptosis of PMNs was induced by SM exposure 
as follows: 5 x 10^/ml purified PMNs were seeded in 
24-well polystyrene tissue culture plate and allowed to 
settle into a monolayer. After settling, 50 or 100 |xM 
SM was added to the culture medium and the cells 
were incubated at 37 °C/5% CO2 for 5 h prior to 
apoptosis determination [21]. 

2.4. Analysis ofCD16 

The analysis of CD 16 levels was undertaken as 
previously described [22,23]. Briefly, PMNs (1x10^/ 
ml) were washed in phosphate-buffered saline (PBS) 
containing 0.2% BSA and 0.1% sodium azide and 
resuspended in 100 |J,1 of PBS, to which was added 20 
\il of phycoerythrin (PE)-labeled anti-CD 16 (Becton 
Dickinson) for 30 min at 4 °C. Cells were then 
washed twice in PBS plus 0.2% BSA and 0.1% 
sodium azide and fixed in 2% paraformaldehyde. 
PMNs were then analyzed using a FACS scan flow 
cytometer (Becton Dickinson). 

with GM-CSF (positive control for PMN priming) or 
various concentrations of SM, or for 60 min prior to 
the addition of PHPA followed by 100 nM flVlLP. 
Cumulative fluorescence was measured over a 240 s 
time course. Intracellular production of ROS was 
quantified by treating PMNs with 30 |xM dihydro- 
rhodamine 123 (H2Rhl23; Molecular Probes, Eugene, 
OR) prior to incubation with GM-CSF or SM, or for 
60 min [25]. Dihydrorhodamine 123 is oxidized by 
ROS to its fluorescent product, Rhl23, simultane- 
ously trapping the fluor within the cell due to its 
charged state. Primed rhodamine-labeled cells were 
harvested and washed once with PBS. Production of 
ROS was quantitated as the mean fluorescent intensity 
of rhodamine 123 using a FACS scan flow cytometer 
(Becton Dickinson). 

2.7. Statistics 

At least three experiments were performed in each 
treatment condition. Parametric data are presented as 
the mean ± standard error of the mean (S.E.M.) for 
the indicated number of experiments. A repeated- 
measures analysis of variance (ANOVA) with a 
Tukey-Kramer multiple comparison test was used 
to compare treatment groups to control in Fig. 4B. 
Analyses where/? < 0.05 were considered significant. 

2.5. Analysis ofcaspase-3 activity 

Caspase-3 activity was analyzed using a colori- 
metric assay kit (BF3100; R&D Systems). PMNs 
(1 X 10*/ml) were assayed in flat-bottom 96-well 
microtiter plates as per the manufacturer's protocol 
after incubation with or without SM or 15 min of UV 
irradiation as in Section 2.3 above. Following UV 
irradiation, cells were incubated for 2 h at 37 °C 
before analysis. Caspase-3 activity is reported as 
optical density at 405 nm. 

2.6. Production of reactive oxygen species 

Extracellular production of ROS in response to 100 
nM fMLP was quantified in primed PMNs by oxida- 
tion of the chromophore,/7-hydroxy-phenylacetic acid 
(PHPA), to its fluorescent, 2,2'-dihydroxy-biphenyr- 
5,5'-diacetate [(PHPA)2] [24]. PMNS were incubated 

3. Results 

3.1. Sulfur mustard primes PMN oxidant production 

Early infiltration of PMNs into foci of SM injury 
suggests the possibility that they may be directly 
exposed to low levels of SM. To determine if SM 
could prime PMN production of ROS, purified PMNs 
were incubated for 60 min with medium alone, 1000 
U/ml granulocyte-macrophage colony-stimulating 
factor, or SM at the indicated concentrations. The 
chromophore PHPA was added to the primed cells 
followed by 100 nM flVILP as the activating stimulus. 
Extracellular production of ROS by PMNs primed 
with GM-CSF showed a >12-fold increase in cumu- 
lative fluorescence at 240 s over than cells incubated 
with medium alone (Fig. 1). Cells treated with SM 
showed a dose-dependent increase in ROS produc- 
tion. This was manifested by a 10-fold increase in 
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Fig. 1. SM primes extracellular PMN oxidant production. PMNs 
were preincubated with 50 nM SM, 100 (iM SM, or 1000 U/ml 
GM-CSF for 60 min. PMNs incubated in medium alone served as 
control. Oxidant production in response to activation with 100 nM 
fMLP was measured over a 4-min time course as described in 
Materials and Methods. The ^-axis represents fluorescence units. 
These results are representative of three separate experiments. 

cumulative fluorescence over incubation with 
medium alone for doses of 50 and 100 \iM SM, 
respectively. These data demonstrate that doses of 
SM at least as low as 50 ^M can prime the release of 
ROS by PMNs. 

Intracellular oxidant production by PMNs follow- 
ing SM priming was also determined. PMNs were 
loaded with 30 \xM dihydrorhodamine 123 and then 
treated with medium alone (Fig. 2A), 0.2% EtOH 
(solvent only; Fig. 2B) or the following doses of SM 
(laM): 10 (Fig. 2C), 25 (Fig. 2D), 50 (Fig. 2E), or 100 
(Fig. 2F), for 60 min. Generation of fluorescent rhod- 
amine (mean charmel fluorescence) is proportional to 
the ROS production within each cell and was then 
quantitated by flow cytometry in PMNs either without 
postpriming stimulation (filled histogram) or follow- 
ing stimulation with 100 nM fMLP (open histogram). 
There was no detectable difference in mean channel 
fluorescence between non-fMLP-stimulated PMNs 
(filled histograms, Fig. 2A-F), the media controls, 
or SM treatment groups. This demonstrates that at the 
concentrations tested, SM does not directly stimulate 
PMN oxidant production. PMNs primed with SM 
exhibited a dose-dependent increase in cytosolic 
ROS production following stimulation with 100 nM 
fMLP. A concentration of 50 |j,M SM appeared to be 
the optimal priming dose for intracellular ROS. 

The ability of 50 |aM SM to prime intracellular 
PMN oxidant production was compared to that of 

interleukin-8 and GM-CSF—cytokines that are known 
to prime ROS production by PMNs [26]. Also, both 
IL-8 and GM-CSF have been shown to be present in 
SM wounds [10,11]. Cells were labeled with rhod- 
amine, primed, and stimulated as described above. 
While SM alone does not directly stimulate ROS 
production (compare Fig. 3A and B) in the absence 
of stimulation with fMLP (filled histograms), incuba- 
tion with either IL-8 (Fig. 3C) or GM-CSF (Fig. 3D) 
alone resulted in a twofold and threefold increase in 
ROS, respectively, compared to incubation with 
medium alone (Fig. 3A). When primed PMNs were 
stimulated with 100 nM fMLP (open histograms), SM 
(Fig. 3B), IL-8 (Fig. 3C), or GM-CSF (Fig. 3D) 
treatment resulted in approximately a 10-fold increase 
in intracellular ROS when compared to their primed 
but unstimulated production. Although IL-8 and GM- 
CSF primed greater absolute levels of ROS production 
than SM, these experiments confirm that low doses of 
SM prime PMN oxidant production in response "to a 
second stimulus. 

3.2. SM induces PMN apoptosis 

Many agents that are known to prime PMN fiinc- 
tional activities have also been shown to prolong PMN 
survival by inhibiting PMN apoptosis [21]. Because 
the above experiments demonstrated that low doses of 
SM can prime PMN oxidant production in response to 
fMLP, we hypothesized that SM might also have a 
similar effect in delaying apoptosis. We therefore 
evaluated the effect of low-dose SM treatment on 
PMN apoptosis using an in vitro culture, UV-accel- 
erated model system. We have previously demonstra- 
ted that PMN priming agents including GM-CSF and 
LPS protect PMN from UV-induced apoptosis [20]. To 
evaluate the ability of SM to protect PMNs from 
apoptosis in this model, PMNs were pretreated with 
50 and 100 |xM SM for 60 min and then exposed to UV 
irradiation for 15 min as described in the Materials and 
Methods. After UV irradiation, cells were incubated at 
37 °C/5% CO2 for 5 h, harvested, and assessed for 
apoptosis by loss of surface Fc^III receptor, CD 16 
[22,23]. PMNs were stained with phycoerythrin- 
labeled anti-CD 16 and analyzed using flow cytometry. 
PMNs expressing low membrane levels of CD 16 were 
considered apoptotic, while high expressers of CD 16 
were considered viable. Nonirradiated PMNs were 
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largely CD 16"' with only a small CD 16^° popula- 
tion after culture in medium alone, where UV 
irradiation alone increased the proportion of CD 16''° 
PMN by approximately threefold over unirradiated 
cells (Fig. 4A, upper row). Treatment of PMN with 
50 or 100 nM SM alone increased the apoptotic 
population by approximately twofold over untreated 
and unirradiated cells. SM pretreatment not only failed 
to protect PMN from UV-induced apoptosis, but also 
appeared to enhance the proportion of CD 16''° cells. 
Fig. 4B represents the combined results from three 
experiments. 

To confirm the proapoptotic effects of SM on 
PMN, cells were incubated in the absence or in the 

presence of SM at a concentration between 5 and 100 
HM for 60 min. The PMNs were then exposed to 15 
min of UV irradiation, as above, or not exposed to UV 
before being incubated at 37 °C/5% CO2 for 2 h. 
After treatment, cells were lysed and analyzed for 
caspase-3 activity. Caspase-3 exists as a proenzyme 
that is cleaved and activated during the induction of 
apoptosis [27]. Caspase-3 activation in PMNs 
increased with increasing doses of SM in the absence 
of UV irradiation (Fig. 4C). Exposure to UV irradi- 
ation caused a higher level of caspase-3 activation 
than incubation with 100 nM SM alone, but there was 
no detectable enhancement of UV-induced apoptosis 
in SM-treated cells. These data suggest that SM does 
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not prolong survival of PMN following UV irradiation 
and, in addition, appears to promote apoptotic pro- 
gression. 

4. Discussion 

Although considerable work has focused on under- 
standing the mechanisms of direct cellular injury 
mediated by sulfur mustard exposure, relatively little 
is known regarding the phenomena surrounding the 
acute inflammatory response that follows SM expo- 
sure. The ability to control secondary tissue damage 
mediated by inflammation may prove useful in treat- 
ing SM lesions and reducing the time required for 
resolution of the injury. PMNs play a crucial role in 
the initiation and propagation of inflammatory 
responses in humans. These terminally differentiated 
effector cells are the first line of defense in host 
responses to injury and infection. PMN influx into 
acute SM wounds has been documented as early as 30 
min post-SM exposure [9]. This raises the possibility 
that early infiltrating PMNs in acute SM wounds may 
be exposed to low doses of SM. The current study was 
therefore undertaken to evaluate the effect of low-dose 
(sub-100 fiM) SM on PMN oxidative function and 
PMN survival. 

Preparing PMNs for an enhanced response to a 
second stimulus is referred to as priming [13,14] 
and the present study demonstrates that low doses 
of SM can prime PMN oxidant production in 
response to fMLP stimulation. The priming of 
PMN oxidant production was dose-dependent, with 
50 )j,M SM appearing to be the optimal dose for 
intracellular ROS generation in our experiments. 
The priming effect of 50 ^M SM on ROS produc- 
tion by PMN was proportionally equivalent to that 
of GM-CSF or IL-8, although the total ROS 
production by SM primed cells was twofold to 
threefold lower. This discrepancy results from the 
ability of both GM-CSF and IL-8 to directly induce 
some degree of ROS production in the absence of 
stimulation by fMLP. At the concentrations tested 
in our experiments, no direct stimulation of PMN 
oxidant production was observed with SM treat- 
ment. These data demonstrate that in addition to the 
direct tissue injury mediated by SM, SM may also 
play a role in amplifying secondary inflammation- 

mediated injury by priming PMN oxidative func- 
tion. 

Recent studies have shown that several proinflam- 
matory factors, which are known to prime PMN 
antimicrobial fimctions, also prolong PMN survival 
by inhibiting apoptosis. Bacterial lipopolysaccharide 
(LPS), tumor necrosis factor (TNF), interleukin-1 (IL- 
1), granulocyte-macrophage colony-stimulating fac- 
tor, and granulocyte colony-stimulating factor (G- 
CSF) have all been shown to delay PMN apoptosis 
in vitro [21,28-31]. Our examination of apoptosis, 
following PMN exposure to 50 or 100 |j,M SM, 
indicates a different trend than that of exposure to 
inflammatory cytokines. Sulfur mustard exposure not 
only failed to rescue PMNs from UV-induced apop- 
tosis, but also appeared to induce or accelerate the 
apoptotic process. Although the ability of SM to 
prime PMN oxidative function while simultaneously 
inducing apoptosis appears contradictory, we have 
found similar results with another PMN priming 
agent, tumor necrosis factor-alpha (TNF-a; J. Swee- 
ney, unpublished observations). The mechanism by 
which SM mediates oxidant production and apoptosis 
in PMN is unknovra, but it is possible that SM directly 
alters the redox potential within the cell, thus priming 
ROS generation and stimulating mitochondrially 
driven apoptosis. Further investigation in these areas 
is currently underway in our laboratory. Understand- 
ing the mechanisms through which SM directly 
affects PMN priming and apoptosis will be of critical 
value in developing effective therapies to treat secon- 
dary SM-induced tissue injury mediated by acute 
inflammatory responses. 
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Although sulfur mustard (SM) has been reported to be a DNA 
alkylating agent, it is not clear how much of the cytotoxicity of this 
agent is secondary to DNA damage. To test the hypothesis that the 
presence of a nucleus is required for the toxicity of sulfur mustard, 
enucleated endothelial cytoplasts were treated with SM. Using a 
combination of biochemical and microscopic assays, we demon-, 
strate that some aspects of SM-induced cell death may be depen- 
dent on the presence of a nucleus, while others may not be. For 
example, it was found that cytoskeletal changes, such as loss of 
stress fibers and rounding, proceed in response to sulfur mustard 
treatment even in the absence of a nucleus. However, significant 
further increases in caspase activity and the associated phospha- 
tidylserine translocation were not observed in cytoplasts treated 
with 500 /[iM SM for 6 h (following a 20-h recovery at the end of 
cytoplast preparation). In contrast, cytoplasts treated with chel- 
erythrine, an agent previously reported to induce rapid apoptosis, 
demonstrated increases in caspase activity in cytoplasts compara- 
ble to that observed in the nucleated cells. This indicates that 
sulfur mustard-induced alkylation of nuclear DNA may be an 
important stimulus for activation of caspases in nucleated cells. 
Interestingly, the baseline caspase activity in cytoplasts was 
greater than in nucleated cells. Analysis of the time course of 
caspase activation in untreated adherent cytoplasts indicated that 
the activity increases initially and then stabilizes by 8 h to a low 
level that was comparable to the level observed at 26 h in un- 
treated cytoplasts. This indicates that cytoplasts are able to toler- 
ate stable low levels of caspase activity and not proceed immedi- 
ately into the execution phase of apoptosis. The cytoplast model 
may be quite useful in the toxicological assessment of agents that 
are thought to exert their toxicity through DNA damage.  © 2001 
Academic Press 
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The chemical warfare agent, sulfur mustard (SM), is a ves- 
icating compound (Papirmeister et al, 1985) for which no 
effective countermeasures exist. Previously, we reported that 
SM induces apoptosis in endothelial cells (Dabrowska et al, 
1996). This observation has now been extended to other cell 
lines (Rosenthal et al, 1998; Hur et al, 1998; Sun et al, 1999). 
Although SM has been reported to be a DNA alkylating agent 
(Ludlum and Papirmeister, 1986), it is not clear how much of 
the cytotoxicity of tliis agent is directly dependent on its DNA 
damaging properties. The goal of this study was to determine 
if the presence of a nucleus is required for apoptotic cell death 
induced by SM. 

Apoptosis, or programmed cell death, is an active form of 
cell death that is characterized by shrinkage of the cell volume, 
condensation and fragmentation of the chromatin, and budding 
of the plasma membrane (Kerr et al 1972). Early in the 
apoptotic process, the caspase family of proteases is activated. 
Caspases are present as inactive zymogens, which become 
active upon cleavage by other caspases (Nicholson, 1999; 
Cohen, 1997). Caspase-3 acts at the most distal step in the 
caspase cascade and is believed to be the central executioner of 
apoptosis (Susin et al, 1997). 

One of the hallmarks of apoptosis is the extemalization of 
the phosphalipid, phosphatidylserine (PS), from the inner leaf- 
let of the plasma membrane to the outer leaflet. This membrane 
change is believed to be critical for recognition of apoptotic 
cells by phagocytes (Fadok et al, 1992). PS extemalization can 
be measured in vitro by using a fluorescently labeled protein 
called annexin, which has a high affinity for PS (Koopman et 
al, 1994). Pretreatment with several inhibitors of caspases has 
been reported to prevent increased annexin binding, indicating 
that PS extemalization may be caspase dependent (Martin et 
al, 1996). 

Because chromatin condensation and DNA fragmentation 
are generally associated with apoptosis, it was formerly 
thought that the presence of a nucleus is required for apoptosis 
to proceed. Studies with enucleated cytoplasts have disproved 
this hypothesis (Jacobson et al, 1994; Martin et al, 1996). 

69 0041-008X/01 $35.00 
Copyright © 2001 by Academic Press 

All rights of reproduction in any form reserved.' 



70 LODHI ET AL. 

Nucleated and enucleated cells treated with staurosporine have 
been shown to undergo characteristic morphologic changes 
associated with apoptosis with similar kinetics. Furthermore, 
cytoplasts from cells that express high levels of Bcl2 were 
protected from staurosporine and growth factor deprivation- 
induced apoptosis (Jacobson et al, 1994). Additionally, it has 
been reported that PS extemalization can occur in the absence 
of a nucleus (Martin et al., 1996). These studies provide 
support for the hypothesis that the machinery responsible for 
coordinating the morphologic changes of apoptosis is probably 
located in the cytoplasm and is constitutively expressed. 

The fact that the morphologic changes of apoptosis can 
occur in the absence of a nucleus does not preclude the pos- 
sibility that apoptosis can be initiated by direct injury to the 
nucleus. To test the hypothesis that SM-induced apoptosis 
results from direct damage to nuclear DNA, we prepared 
enucleated cytoplasts from endothelial cells. Using a combi- 
nation of biochemical and microscopic assays we have differ- 
entiated SM-induced features of endothelial cell death that are 
nuclear dependent from those that are nuclear independent. 

MATERIALS AND METHODS 

Cells and culture. Bovine pulmonary artery endothelial cells were pur- 
chased from the National Institute of Aging, Aging Cell Culture Repository 
{Camden, NJ) and maintained in Ham's F-12 medium supplemented with 2 
mM glutamine (GIBCO), 10% heat-inactivated fetal bovine serum (GIBCO), 
10 mM Hepes, 100 U/ml penicillin, and 100 mg/ml streptomycin (GIBCO). 
Endothelial subculturing was carried out on confluent cultures using 0.05% 
trypsin and 0.02% EDTA (GIBCO) and cells of passages 3 to 9 were used. 

Cytoplast preparation. Cytoplasts were prepared using a modification of 
the method of Roos et al. (1983). Briefly, endothelial cells were incubated for 
5 min at 37°C in 12.5% FicoU 70 with 10 ^iM dihydrocytochalasin B (HjCB). 
The cells were then layered on a discontinuous gradient of 16% FicoU 70 on 
25% Ficoll 70 at 33°C. The Ficoll solutions were mixed in phosphate-buffered 
saline (PBS). The gradients contained H2CB throughout. The gradients were 
spun at 81,000g (SW-41 rotor) for 1 h at 33°C. Cytoplasts were collected from 
the 12.5 to 16% interface. Control cells were incubated for 60 min in 12.5% 
Ficoll 70 and H2CB. The control cells and cytoplasts were washed at least three 
times with complete Ham's F-12 media. The purity of cytoplast preparations 
was determined by resuspending cytoplasts and control cells in PBS containing 
0.02% digitonin and labeling with 5 (xg/ml propidium iodide (PI). After a 
lO-min incubation at room temperature, the fluorescence was read using the 
FL3 channel of a FACScan flow cytometer. Cytoplasts, in general, exhibit an 
order of magnitude less PI fluorescence than nucleated cells. 

Calcein assay of cell and cytoplast viability (Bozyczko-Coyne et al, 1993). 
Calcein as an acetoxymethyl (AM) ester is taken up by viable cells or 
cytoplasts and is converted to its fluorescent form by intracellular esterases. 
The polyanionic calcein is retained within live cells and cytoplasts, producing 
intense green fluorescence. Cells and cytoplasts resuspended in PBS were 
labeled with 4 /xM calcein-AM. After a 30 min incubation at 37°C, the 
fluorescence was detected using the FLl channel of a FACScan flow cytom- 
eter. 

Fluorescence microscopy. At 2 h after incubation at 37°C under the 
different experimental conditions, the adherent cells and cytoplasts were fixed 
with 2% paraformaldehyde for 1 h at room temperature. The paraformaldehyde 
was then removed and the cells and cytoplasts were washed and permeabilized 
three times for 5 min with Dulbecco's cation-free PBS, pH 7.4, containing 
0.2% Triton X-100. Cells and cytoplasts were stained with 165 nM rhodamine 

phalloidin (Molecular Probes) specific for F-actin in microfilaments for 20 min 
at room temperature in the dark. Coverslips were sealed to each monolayer and 
the samples were viewed with the G filter block on a Nikon optiphot fluores- 
cence microscope. Fluorescence micrographs were taken using TMAX 400 
film (Kodak). 

Measurement ofcaspase-3-like activity. At various time points after treat- 
ments, cells or cytoplasts were harvested and resuspended in 100 ;A1 lysis 
buffer (Pharmingen No. 21425A) and frozen at —70°C until the time of assay. , 
The assay was performed in a 96-well plate in a 200-fi.l reaction volume using 
a modification of the Pharmingen method. The cell or cytoplast lysate (100 ^1) 
was combined with an equal volume of 2X assay buffer (40 mM Hepes, pH 
7.5, 20% glycerol, 4 mM DTT, 40 /xM Ac-DEVD-AMC). The fluorescence of 
AMC released was read at 380 excitation and 450 emission in an HTS7000 
Bioassay Reader (Perkin-Elmer, Norwalk, CT) every 5 min for 30 min at 
37°C. The curve was linear during the 30-min period. The caspase-3-like 
activity was expressed as pmol AMC released per min per mg protein. 

Detection of apoptosis using Annexin V. At 6 h after SM treatment, the 
cells were harvested by trypsinization and the pattern of cell death was 
assessed using the flow cytometric Apoptosis Detection Kit (R&D Systems, 
Minneapolis, MN). The assay is based on the fact that, during the apoptotic 
process, cells express phosphatidylserine on the outer leaflet of the plasma 
membrane and will bind Annexin V. The necrotic cells are differentiated from 
the apoptotic cells because, in the former cells, the integrity of the plasma 
membrane has been compromised and will allow uptake of PI, which binds to 
DNA. Viable cells are negative for both Annexin V and PI staining. The assay 
was performed essentially as described by the supplier. The FITC-Annexin V 
fluorescence was read with the FLl photomultiplier tube and PI fluorescence 
was detected using the FL3 channel. 

Statistics. Data are presented as means ± SD for the indicated number of 
experiments. Paired t tests were used for comparisons between experimental 
and control observations. Differences from control where p < 0.05 were 
considered significant. 

RESULTS 

Characterization of Cytoplasts 

To determine if the presence of a nucleus is required for SM 
to induce apoptosis, endothelial cytoplasts were prepared. Typ- 
ically, cytoplasts were allowed to adhere overnight (~20 h) 
before they were treated with SM. The viability and purity of 
cytoplasts was characterized by flow cytometry (Fig. 1). The 
viability of cytoplasts was determined by assaying for the 
ability of cytoplasts to cleave the acetoxymethyl ester of cal- 
cein (calcein-AM) to its fluorescent form and to concentrate 
and retain it within their cytosol (Fig. 1 A). Similar to nucleated 
cells, cytoplasts exhibited calcein fluorescence, which was lost 
upon membrane lysis with Triton X-100. The purity was de- 
termined by staining digitonin-permeabilized cytoplasts with 
propidium iodide, a DNA stain (Fig. IB). Typically, the prep- 
arations were ~90% pure (with the remaining 10% represent- 
ing contaminating nucleated cells). The cytoplasts demon- 
strated an order of magnitude less PI fluorescence than whole 
cells. 

Effect of SM on the Morphology of Cytoplasts 

Reorganization of the actin cytoskeleton is a prominent 
feature of the morphological changes associated with apoptosis 
(Cotter et al., 1992; Levee et al, 1996). To determine the effect 
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FIG. 1. Characterization of cytoplast viability and purity. (A) Viability of endothelial cytoplasts. The viability of endothelial cytoplasts that had been 

prepared and allowed to adhere overnight was assessed by their ability to cleave calcein-AM and retain calcein fluorescence within their cytosol. The calcein 
fluorescence (viability) of control nucleated endothelial cells and enucleated endothelial cytoplasts loaded with 4 /iM calcein AM was measured by flow 
cytometry before and after membrane lysis was induced by the addition of 1% Triton X-100 (final concentration). (B) Flow cytometric confirmation of cytoplast 
purity. Endothelial cells and cytoplasts were permeabilized with 0.02% digitonin and exposed to 5 /tg/ml PI. The two Pl-stained populations (cells/cytoplasts) 
were then compared by flow cytometry. Figure is from a representative experiment repeated five times. 

of SM on the morphology of adherent endothelial cells and 
cytoplasts, stress fibers were stained with rhodamine phalloidin 
(Fig. 2). Figure 2 demonstrates that cytoplasts, similar to 
control nucleated cells, adhere to the substratum. The cortical 
band of actin filaments present in endothelial cells was well 
developed in endothelial cytoplasts. The stress fibers, however, 
were less prominent in cytoplasts than in nucleated cells (Fig. 
2A vs 2D). Following treatment with 250 /iM SM, cytoplasts, 
like the intact cells, began to lose stress fibers (Figs. 2B and 
2E). In response to 500 /xM SM, cytoplasts and cells exhibited 

increased rounding, microfilament disruption, and loss of ad- 
herence (Figs. 2C and 2F). 

Caspase-3 Activation in Cytoplasts 

At 20 h after the preparation of cytoplasts, the cells and 
cytoplasts were washed twice with PBS. To determine if 
caspase activation in SM-treated endothelial cells is dependent 
on a nucleus, adherent cytoplasts were treated with SM and 
caspase-3-like activity was measured at 6 h (i.e., ~26 h after 
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FIG. 2. Fluorescence micrographs of endothelial cells and cytoplasts after SM exposure. Adherent cells/cytoplasts were fixed and stained with rhodamine 
phalloidin to visualize microfilaments. (A) Control, uninjured endothelial cells; (B) endothelial cells 2 h after exposure to 250 pM SM; (C) endothelial cells 2 h 
after exposure to 500 /xM SM; (D) control, uninjured cytoplasts; (E) cytoplasts 2 h after exposure to 250 fiM SM; (F) cytoplasts 2 h after exposure to 500 /xM 
SM. Original magnification 400X for all. Note the presence of long actin filaments in cytoplasts (D) and rounding after SM, especially in F. 

the preparation of cytoplasts) (Fig. 3). Treatment of nucleated 
cells with 500 pM SM resulted in ~25-fold induction of 
caspase-3-like activity. In contrast, cytoplasts exposed to SM 

did not have a significant increase above the baseline. This 
inability of cytoplasts to demonstrate caspase activation was 
not a result of an inability of cytoplasts to respond to other 
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FIG. 3. Caspase-3-Iike activity in endothelial cells and cytoplasts. Cytoplasts that had been allowed to adhere overnight in culture after preparation were 
exposed to SM (500 ptM) or chelerythrine (25 piM) for 6 h and were compared to intact endothelial cells. Caspase activity was normalized to protein content. 
Each bar represents the mean ± SD of W = 3-6 separate determinations. *p :s 0.05 vs control cells; #p < 0.05 vs control cytoplasts. Note the significant (p < 
0.05) baseline increase in caspase activity in untreated cytoplasts compared to untreated control endothelial cells. Also, note the large increase in caspase activity 
of endothelial cells in response to 500 /iM SM and the minimal (not significant, p value = 0.11) increase in caspase activity seen in the SM-injured cytoplasts 
compared to the level of activity in uninjured cytoplasts. There was a better response (increase in caspase activity) in cytoplasts to chelerythrine, which was 
comparable (not statistically significant) to the response of nucleated endothelial cells. 

toxic Stimuli. For example, cytoplasts treated with cheleryth- 
rine (25 /xM), an agent previously reported to induce rapid 
caspase activation in neutrophils (Sweeney et al., 2000), ex- 
hibited similar levels of caspase activation as their nucleated 
counterparts. It is of interest to note that baseline caspase 
activity in untreated cytoplasts was higher than that in un- 
treated nucleated cells. 

Phosphatidylserine Translocation in SM-Treated Cytoplasts 

We next examined the effect of SM on phosphatidylserine 
translocation in cytoplasts (Fig. 4). PS extemalization, as mea- 
sured by the increase in fluorescently labeled annexin V bind- 
ing (i.e., shift of cells to the lower right region of the dot plot), 
was observed in endothelial cells treated with 500 /xM SM. 
Consistent with the higher basal caspase activity in cytoplasts, 
the baseline annexin V binding was higher in untreated cyto- 

plasts than control nucleated cells. But interestingly, when 
cytoplasts were exposed to SM, there was no further increase 
in annexin binding above the baseline control level. 

Kinetics of Caspase-3 Activation in Cytoplasts 

To analyze the nature of the higher basal levels of caspase 
activation and the associated phosphatidylserine translocation 
in cytoplasts, we examined the time course of caspase activa- 
tion in untreated cytoplasts (Fig. 5). Measurements of caspase 
activity were initiated at 4 h after plating the cells or cytoplasts. 
Although some of the cytoplasts were still nonadherent, almost 
all of the nucleated cells had adhered by this time point. 
Therefore, caspase activity of nonadherent cytoplasts was mea- 
sured separately from the adherent cytoplasts and compared 
with the activity observed in nucleated cells. Control cells 
incubated in Ficoll containing H2CB without ultracentrifuga- 
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FIG. 4. Annexin V analysis of endothelial cells and cytoplasts. The 
annexin V- (a measure of apoptosis) and PI- (a measure of plasma membrane 
integrity) staining techniques as described under Materials and Methods were 
used to assess apoptotic changes in endothelial cells and cytoplasts 6 h after 
exposure to 500 jiM SM. (A) Dot plot of control endothelial cells; (B) dot plot 
of endothelial cells 6 h after exposure to 500 /xM SM; (C) dot plot of control 
cytoplasts; (D) dot plot of cytoplasts after exposure to 500 /iM SM. Repre- 
sentative experiment repeated three times. For each dot plot: top, nonviable 
cells; bottom left, viable nonapoptotic cells/cytoplasts; bottom right, apoptotic 
cells/cytoplasts (i.e., exposed phosphatidylserine residues with increased an- 
nexin V staining). The percent of events within each panel is indicated for all 
dot plots. Note the large number of cytoplasts with exposed phosphatidylserine 
residues in the control C compared with essentially the same dot plot for 
SM-injured cytoplasts in D. 

tion did not demonstrate an increase in caspase activity. At 4 h, 
the caspase activity in adherent cytoplasts was three times the 
levels observed in nucleated cells. The caspase activity con- 
tinued to increase up to 7 h. At 8 h activity decreased some- 
what, but was still four- to fivefold greater than levels observed 
in control cells. The caspase activity in floating cytoplasts was 
considerably higher than in the adherent cytoplasts. At 4 h, the 
caspase activity of nonadherent cytoplasts was higher than the 
maximum activity observed in adherent cytoplasts. The 
caspase activity of the nonadherent cytoplasts continued to 
increase over time and by 8 h was over 14 times greater than 
in control cells and ~2.5 times the level in adherent cytoplasts 
(Fig. 5). 

DISCUSSION 

Although chromatin condensation and nuclear fragmenta- 
tion are often considered hallmarks of apoptosis, studies with 
enucleated cells have shown that these changes are probably 
not crucial for apoptosis to proceed (Jacobson et al, 1994; 
Martin et al, 1996). However, this does not preclude the 
possibility that apoptosis can be initiated by direct injury to the 
nucleus. To test the hypothesis that the presence of a nucleus 
may be required for the toxicity of SM, endothelial cytoplasts 
were prepared. This methodology has been used by others to 
produce neutrophil cytoplasts that demonstrated normal phys- 
iologic responsiveness to stimulatory ligands (Omann et at, 
1987). Typically, cytoplast preparations were ~90% pure and 
demonstrated adherence to the tissue culture plate. When ex- 
posed to SM, cytoplasts rounded up and lost adherence simi- 
larly to SM-treated nucleated cells. In contrast to nucleated 
cells, when adherent cytoplasts were treated with SM, a sig- 
nificant increase in caspase activity above the baseline was not 
observed. Interestingly, the baseline activity was higher in 
cytoplasts compared to control cells. Consistent with the 
caspase results, cytoplasts did not demonstrate an increase in 
annexin binding in response to SM exposure. 

SM-mediated DNA alkylation is thought to lead to activa- 
tion of the DNA repair enzyme, poly[ADP-ribose] polymerase 
(PARP) (Papirmeister et al, 1985). Increased PARP activation 
leads to NAD depletion, resulting in loss of ATP levels 
(Shraufstatter et al, 1986). Reduction in ATP levels has been 
shown to result in disruption of the microfilament architecture 
in endothelial cells (Hinshaw et al, 1993). Our previous study 
examined the role of SM-induced PARP activation in micro- 
filament disassembly and vesication. Concentrations of SM ^ 
500 /j,M resulted in PARP activation, with subsequent ATP 
depletion and loss of microfilament function (Hinshaw et al, 
1999). Determining whether DNA alkylation-induced PARP 
activation, in fact, leads to microfilament disassembly can best 
be answered if the nucleus is removed from the cell. In the 
current study, we examined the effect of SM on the microfila- 
ment network of enucleated endothelial cytoplasts. Staining of 
F-actin within microfilaments with rhodamine phalloidin dem- 
onstrated a marked disappearance of long stress fibers in both 
cells and cytoplasts upon treatment with SM. This indicates 
that the effect of SM with respect to the cytoskeleton is not 
dependent on the presence of a nucleus. Although DNA is the 
primary target of SM-induced alkylation, protein alkylation by 
SM has also been described (Byrne et al, 1996). It is possible 
that disassembly of the microfilament network may be a result 
of alkylation of cytoskeletal proteins by SM. Additionally, 
damage to integrins and the basement membrane by SM may 
also contribute to altered cellular morphology (Zhang et al, 
1995). 

Caspase activation is a prominent and perhaps defining 
feature of apoptosis. We tested the hypothesis that SM-medi- 
ated caspase activation requires a direct injury to the nucleus. 
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FIG. 5. Time course of caspase activation in cytoplasts after preparation. Caspase-3 activity normalized to protein content was measured separately in 
adherent and nonadherent cytoplasts as described under Materials and Methods starting at 4 h after the end of cytoplast preparation and was compared at 8 h 
to control endothelial cells. The data are presented as means ± SD of three separate determinations. *p s 0.05 vs cells; #p s 0.05 vs adherent cytoplasts. 

When control cells were treated with SM, a significant increase 
in caspase activity was observed. However, when cytoplasts 
were treated with SM, the increase was not significantly dif- 
ferent from the control untreated cytoplasts. The minimal in- 
crease in caspase activity observed in SM-treated cytoplasts 
may be attributable to the ~10% contaminating nucleated 
cells. To determine if the lack of caspase responsiveness of 
cytoplasts to SM was true for other toxic stimuli, we treated 
cells and cytoplasts with chelerythrine, a natural benzophenan- 
thridine alkaloid (Lee et ah, 1998). Comparable levels of 
caspase activity were seen in both nucleated cells and cyto- 
plasts following exposure to chelerythrine. Chelerythrine has 
previously been reported to induce rapid caspase activation in 
neutrophils (Sweeney et al, 2000). Anthony et al. (1999) 
reported that chelerythrine-induced apoptosis in HL-60 cells 
might be due to its effect on phosphatidylcholine biosynthesis. 
Additionally, it has been reported that chelerythrine-induced 
apoptosis in Hela cells may be due to rapid activation of JNKl 
and p38 (Yu et al, 2000). Because the activation of these 
kinases was seen as early as 2 h after chelerythrine treatment, 
this agent most hkely does not work through the nucleus. 

Phosphatidylserine extemalization is an event that is be- 
lieved to be caspase dependent (Martin et al, 1996). When 
cytoplasts were treated with SM, an increase in annexin V 
binding above the level seen in control untreated cytoplasts 
was not observed. This lack of responsiveness of a downstream 
caspase-dependent event in SM-injured cytoplasts provides 
further support for the hypothesis that the effect of SM may be 
nuclear dependent with respect to caspase activation. It should 
be noted that, consistent with the caspase results, the baseline 

annexin binding was higher in untreated cytoplasts compared 
to nucleated cells. A previous study by others (Martin et al, 
1996) on phosphatidylserine translocation in Jurkat cytoplasts 
did not demonstrate a higher baseline annexin binding at 2 h in 
untreated cytoplasts compared to nucleated cells. However, 
when the cleavage of fodrin, a caspase substrate (Cryns et al, 
1996), was analyzed at 5 h, some spontaneous cleavage was 
observed in untreated cytoplasts (Martin et al, 1996). 

A study on the effect of shear stress on neutrophils indicated 
that, while the cells maintained intact membranes, they exhib- 
ited cytoplasmic and nuclear condensation (i.e., features of 
apoptosis) in response to increased shear stress. Biochemical 
evaluation revealed an increase in PS translocation and DNA 
fragmentation (Shive et al, 2000). The process of enucleation, 
which involves a combination of disassembling perinuclear 
actin filaments with H2CB and centrifugation at forces greater 
than 80,000g for an hour, may constitute a more extreme form 
of shear stress. Analysis of the kinetics of caspase activation in 
cytoplasts (Fig. 5) indicates that the caspase activity of adher- 
ent cytoplasts increased initially then reached a maximum by 
7 h, and then finally decreased to a steady-state level that was 
comparable to levels observed at ~26 h in untreated cytoplasts 
in Fig. 3. However, the activity of nonadherent cytoplasts was 
considerably higher than that observed in adherent cytoplasts. 
This indicates that high levels of caspase activation occur in 
some of the cytoplasts as a result of enucleation. These cyto- 
plasts fail to adhere or lose adherence and eventually die 
(presumably by apoptosis). However, there is a subpopulation 
of cytoplasts that survive the enucleation process. Although the 
baseline activity of caspase in these surviving cytoplasts was 
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greater than in control nucleated cells, the cytoplasts adhere to 
the tissue culture plate and develop stress fibers (Fig. 2). This 
is consistent with the experimental models in which caspase 
activation can occur in the absence of cell death (for a recent 
review, see Zeuner et al, 1999). For example, cells overex- 
pressing Hsp70 have been shown to demonstrate loss of mito- 
chondrial membrane potential and activation of caspase-3 in 
response to various apoptotic stimuli. However, these cells fail 
to fully exhibit features of apoptosis and are able to regain 
normal growth even after the cleavage of the prominent 
caspase-3 substrate, PARP (Jaattela et al, 1998). 

Studies with endothelial cytoplasts yielded provocative and 
interesting findings and have a nuniber of implications for 
understanding SM injury. It is possible that caspase activation 
per se may not always be "the poirit of no retuiii" or sufficient 
to ensure that cell death will occur (Zeuner et al, 1999). The 
lack of dramatic increase in caspase-3 activity in cytoplasts 
following SM treatment suggests that SM-mediated alkylation 
of nuclear DNA may be an important stimulus for the caspase 
system in nucleated endothelial cells. That a non-DNA-dam- 
aging activator of caspases, chelerythrine, can induce essen- 
tially equal activation of endothelial cells and cytoplasts sup-* 
ports this possibility. The ability of SM to induce changes in 
the cytoskeleton and morphology of cytoplasts suggests that 
either some elements of the apoptotic phenotype may be reg- 
ulated independently of the caspase system or the changes 
detected are not exclusively apoptotic (i.e., cellular/cytoplast 
rounding may occur as a result of apoptotic or nonapoptotic 
mechanisms). In conclusion, our data indicate that the presence 
of a nucleus may be required for some aspects of SM-induced 
cell death and that DNA damage induced by SM may be a 
critical element necessary to the complete induction of the 
apoptotic program in cells exposed to SM. The cytoplast 
model, although it has limitations (e.g., higher baseline caspase 
activity), may be quite useful in the toxicological assessment of 
agents that are thought to exert their toxicity via DNA damage. 
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Apoptotic PMN lose functional activity, which em- 
phasizes the tissue injury limiting potential of PMN 
apoptosis. Caspase-3 activation is the first step in the 
execution phase of apoptosis. We hypothesized that 
PMN functional activity, as evidenced by oxidant pro- 
duction, can be restored in apoptotic PMN by inhibi- 
tion of caspase-3. • 

Methods. To accelerate PMN apoptosis, PMN were 
UV-irradiated for 15 min as previously described. 
PMN were pretreated with the caspase-3 inhibitor 
DEVD-ftnk (100 ^M) for 30 min prior to UV. PMN apo- 
ptosis was quantitated by flow cytometry with CD16 
staining. Oxidant production in response to 10 jxM 
PMA was quantitated fluorometrically using the 
method of Hyslop and Sklar. Caspase-3 activity was 
quantitated fluorometrically using a commercially 
available assay. 

Results. UV-treated PMN demonstrated a 3-fold in- 
crease in caspase-3 activity. This was associated with 
a significant increase in apoptotic PMN and a 10-fold 
decrease in oxidant production compared to control 
PMN. DEVD-ftnk blocked increases in caspase-3 activ- 
ity and significantly reduced PMN apoptosis. Oxidant 
production was increased 5-fold compared to UV- 
treated PMN but was still significantly less than con- 
trol PMN. 

Conclusions. In UV-accelerated PMN apoptosis, in- 
hibition of caspase-3 activity partially protects oxi- 
dknt production in apoptotic PMN. This suggests 
that signaling events in the initiation phase of PMN 
apoptosis, which are proximal to caspase-3 activa- 
tion, may in part be responsible for loss of oxidant 
production   in   apoptotic   PMN   independent   of 
caspase-3 activity.     © 2001 Academic Press 

' To whom correspondence should be addressed at 2920G Taub- 
man Center, 1500 E Medical Center Drive, Ann Arbor, MI 48109- 
0331. Fax: (734) 936-5830. E-mail; josw@umich.edu. 

INTRODUCTION 

Neutrophils (PMN) are the primary effector cells in 
host responses to injury and infection [1]. PMN coming 
into contact with a pathogen respond with a burst of 
metabolic and respiratory activity [2, 3]. Increased ox- 
ygen consumption leads to the production of superox- 
ide radicals. These superoxide radicals are then enzy- 
matically transformed to hydrogen peroxide, which can 
be further transformed into more toxic substances by 
the myeloperoxidase/halide system [1]. These highly 
reactive products of oxidative pathways are released 
into phagosomes containing ingested pathogens, or re- 
leased into the extracellular environment to act upon 
substances that cannot be phagocytosed [1]. PMN also 
utilize nonoxidative functional pathways including the 
degranulation of l5i;ic enzymes and cationic proteins, to 
eliminate invading pathogens [4]. Under homeostatic 
conditions, PMN antimicrobial functions are beneficial 
to the host. However if this delicate balance is upset, 
these same beneficial antimicrobial functions can 
cause significant local tissue injury and lead to the 
development of pathologic systemic inflammatory con- 
ditions. 

PMN are terminally differentiated cells that are des- 
tined to undergo spontaneous programmed cell death 
or apoptosis by the time they exit the bone marrow 
[5-8]. PMN that have migrated across the vascular 
epithelium into tissues have a lifespan of 24-36 h, 
while PMN that remain within the blood stream sur- 
vive between 6 and 10 h. Apoptotic PMN lose func- 
tional capacity and do not generate an inflammatory 
response when removed by the reticuloendothelial sys- 
tem [9]. This prevents release of l5i;ic enzymes and 
inflammatory substances, and emphasizes the injury 
limiting potential of PMN clearance by apoptosis [10]. 
Because PMN play a central role in the initiation and 
propagation of systemic inflammatory responses and 
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multisystem organ dysfunction, understanding mech- 
anisms which control PMN apoptosis may lead to the 
development of novel strategies for the treatment of 
these pathologic conditions. 

Although there are many potential stimuli that ini- 
tiate apoptosis, it appears that these signals converge 
on the caspase pathway to execute the final phases of 
the apoptotic process [11-13]. jCaspases are synthe- 
sized as inactive proenzjmaes that are proteolytically 
cleaved to an active form [14]. Activated caspases then 
cleave specific target proteins at aspartic acid residues, 
inactivating these substrates. Caspase-3 is a central 
effector of the caspase cascade [15]. Activation of this 
downstream caspase is felt to'be the first step in the 
execution phase of apoptosis and result in irreversible 
commitment of cells to apoptosis. The current study 
was therefore undertaken to examine the relationship 
of caspase-3 activation to loss of functional activity in 
apoptotic PMN. Because apoptotic PMN are known to 
lose functional capacity, we hj^othesized that PMN 
function, as evidenced by oxidant production, could b? 
restored in PMN induced to undergo apoptosis by in- 
hibition of caspase-3. 

MATERIALS AND METHODS 

Reagents 

All reagents were purchased from Sigma Chemical Co. (St. Louis, 
MO) except where otherwise indicated. DEVD-fink was obtained 
from Calbiochem (San Diego, CA). Selected PMN were treated with 
100 jLiM DEVD-frnk for 30 minutes prior to UV exposure. Dose and 
time response experiments previously undertaken in our laboratory 
were used to define the optimal concentration and preincubation 
period for DEVD-fink utilized in these experiments (data not shown). 

Isolation of PMN 

All materials and solutions used in the preparation of PMN were 
deemed nonpyrogenic, in that they contained undetectable (0.1 ng/ 
ml) endotoxin according to the amoebocyte lysate assay (Sigma). 
Briefly, venous blood was collected from healthy volunteers into 1/6 
vo acid citrate dextrose (ACD) anticoagulant solution. PMN were 
then partially purified from red blood cells by dextran-70 sedimen- 
tation and fiarther purified by PercoU gradient separation as previ- 
ously described by Haslett et al. [16]. This method of PMN isolation 
yields a PMN population of a98% purity. 

Growth Medium 

RPMI 1640 growth medium (GIBCO, Grand Island, NY) contain- 
ing 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine, 100 
imits/ml penicillin, and 100 jig/ml streptomycin, and 5 mM ra-2- 
hydroxyethylpiperazine-Ar'-2-ethanesulfonic acid buffer was utilized 
as growth medium. 

Ultraviolet Radiation-Accelerated PMN Apoptosis 

Acceleration of constitutive PMN apoptosis was achieved using UV 
irradiation as previously described [17]. PMN (5 X lOVml) were 
seeded in the wells of a 24-well polystyrene tissue culture plate 
(Costar). After cells settled into a monolayer, they were exposed from 
below to a 312-nm wavelength transilluminator source (Fotodjme 

Incorporated, Model 3-3000) at a distance 2.5 cm from the transillu- 
minator surface for 15 min at room temperature. The UV intensity 
for this length of exposure, as CEilculated per manufacturer instruc- 
tions with an UVX digital radiometer (UVP, Inc., San Gabriel, CA), 
is 32 mW/cm'. Exposure of cells to UV irradiation at a distance of less 
than 2.5 cm results in significant necrosis. After UV irradiation, cells 
were incubated at 37°C/5% CO2 and features of apoptosis determined 
at 0, 2, and 4 h post-UV exposure as described below. 

Analysis of CD 16 Cell Surface Levels 

The analysis of CD16 levels was undertaken as previously de- 
scribed [18, 19]. As PMN undergo apoptosis they shed CD16 recep- 
tors. PMN that have low membrane levels of CD16 are considered 
apoptotic, while high expressors of CD16 are considered viable. 
Briefly, PMN (1 X lOVml) were washed in phosphate-buffered saline 
(PBS) containing 0.2% BSA and 0.1% sodium azide. Cells were then 
incubated with 20 /xl of phycoerythrin (PE)-labeled anti-CD16 
(Becton-Dickinson) for 30 min at 4°C. Cells were then washed twice 
in PBS plus 0.2% BSA and 0.1% sodium azide and fixed in 2% 
paraformaldehyde. Samples were then analyzed xising a Becton- 
Dickinson FACScan. 

Quantification ofCPP-32fi (Caspase-3) Activity 

Neutrophils (5 X 10') were lysed in 500 p\ of 10 mM potassiimi 
phosphate, 1 mM EDTA buffer containing 0.5% Triton X-100 sup- 
plemented with 2 mM phenylmethylsulfonyl fluoride, 10 juig/ml leu- 
peptin, 10 /xg/ml pepstatin, 10 mM dithiothreitol for 15 min and spun 
at 14,000 rpm for 20 min. The supernatant (containing approxi- 
mately 100 jug of protein) was then diluted to 1 ml with ICE buffer 
(50 mM Hepes, 10% sucrose, 0.1% Chaps, pH 7.5) containing 20 pM 
DEVD-AMC (aspartate-giutamate-valine-aspartate-AFC) [22, 23] 
and 10 mM dithiothreitol (freshly prepared). After a 1-h incubation 
at 37°C, 500 /il of reaction mixture was diluted with 1.5 ml of ICE 
buffer and fluorescence (excitation 380 nm and emission 450 nm) was 
determined. Blanks in the absence of cell lysates were carried out to 
determine background fluorescence. In each experiment, standards 
containing 0-100 ng/ml of recombinant caspase-3 were utilized to 
generate a standard curve. 

Oxidant Production 

PMN oxidant production in response to 10"' PMA, characterized 
by the formation of superoxide anion, was quantitated by following 
the oxidation of a chromophore to its fluorescent diadduct (PHPA -» 
(PHPA)2) using the methodology previously described by Hyslop and 
Sklar [20]. 

Data Presentation and Statistical Analysis 

All data are reported as means ± SEM. Data were analyzed using 
a repeated measure analysis of variance (ANOVA) with Newman- 
Keuls multiple comparison test. Data were taken to be significant for 
P < 0.05. 

RESULTS 

UV-Accelerated PMN Apoptosis ' 

PIVIN were isolated and suspended in culture media 
at a final concentration of 5 X 10® PMN/ML and then 
UV-irradiated for 15 min to accelerate constitutive 
PMN apoptosis. PMN incubated in medium alone 
served as control. PMN apoptosis was quantitated at 0, 
2, and 4 hours post-UV exposure using flow cj^ometry 
with anti-CD 16 staining. There was minimal apoptosis 
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Hours Post UV 

FIG. 1. PMN apoptosis. PMN were exposed to 15 min of UV 
radiation to accelerate PMN apoptosis (hatched bars). Additional 
PMN were pretreated with 100 jtM DEVD-fink for 30 min before UV 
treatment (solid bars). PMN incubated in medium alone served as 
control (clear bars). Features of apoptosis were quantitated using 
FACScan with anti-CDlG staining at 0, 2, and 4 h post-UV treat- 
ment. Results are expressed as means ± SEM of 4 separate experi- 
ments. * Different from control, # Different from UV and control; P < 
0.05ANOVA. 

Hours Post UV 

FIG. 2. PMN oxidant production. PMN were exposed to 15 min of 
UV radiation to accelerate PMN apoptosis (hatched bars). Additional 
PMN were pretreated with 100 /iM DEVD-frik for 30 min before UV 
treatment (solid bars). PMN incubated in medium alone served as 
control (clear bars). PMN oxidant production was determined at 0,2, 
and 4 h post-UV treatment as described under Materials and Meth- 
ods. Results are expressed as means ± SEM of 4 separate experi- 
ments. * Different from control, # Different from UV and control; P < 
0.05 ANOVA. 

in each of the three treatment groups immediately 
following 15 min of UV irradiation (Fig. 1). UV-treated 
PMN demonstrated a significant increase in apoptotic 
features at both 2 and 4 h post-UV exposure when 
compared to control PMN at the same time points. 
Treatment of PMN with 100 pM DEVD-fink for 30 min 
prior to UV exposure was associated with a significant 
reduction in features of apoptosis at both 2 and 4 h 
post-UV-treatment when compared to UV-treated 
PMN. However, the percentage of DEVD-fink treated 
PMN with features of apoptosis at 4 h post-UV treat- 
ment was greater than control. 

PMN Oxidant Production 

PMN were harvested at 0, 2, and 4 h post-UV treat- 
ment and PMN oxidant production in response to 10"® 
PMA, characterized by the formation of superoxide 
anion, was quantitated using the methodology of Hys- 
lop and Sklar. Oxidant production in response to PMA 
was significant and consistent at 0,2, and 4 h in control 
PMN (Fig. 2). Immediately following UV exposure 
there was no difference in oxidant production among 
control PMN, UV-treated PMN, or UV-l-DEVD-treated 
PMN. At 2 and 4h post-UV exposure, UV-treated PMN 
demonstrated significantly decreased oxidant produc- 
tion when compared to control. Pretreatment of PMN 
with the caspase-3 inhibitor DEVD-fmk before UV ex- 
posure was associated with a significant increase in 
PMN oxidant production compared to UV-treated 
PMN, but these levels were still significantly less than 
oxidant production in control PMN at the same time 
points. 

Caspase-3 Activation 

Caspase-3 activity in PMN lysates generated at 0,2, 
and 4 hours post-UV exposure was quantitated as de- 

scribed under Materials and Methods. Immediately 
following UV exposure there was minimal caspase-3 
activity in each of the three treatment groups (Fig. 3). 
There was a mild increase in control PMN caspase-3 
activity at the 2- and 4-h time points when compared to 
control caspase-3 activity at Time 0, although the dif- 
ferences were not statistically significant. UV-treated 
PMN demonstrated significant increases in caspase-3 
activity at both 2 and 4 h when compared to control. 
The increase in caspase-3 activity was completely abol- 
ished in PMN pretreated with DEVD-fink for 30 min 
prior to UV exposure. 

DISCUSSION 

In 1993 Whyte et al. reported that PMN lose their 
antimicrobial functions as a consequence of progres- 

Hours Post UV 

FIG. 3. Caspase-3 activity. PMN were exposed to 15 min of UV 
radiation to accelerate PMN apoptosis (hatched bars). Additional 
PMN were pretreated with 100 fM. DEVD-fink for 30 min before UV 
treatment (solid bars). PMN incubated in medium alone served as 
control (clear bars). Caspase-3 activity was determined at 0, 2, and 
4 h post-UV treatment as described under Materials and Methods. 
Results are expressed as means ± SEM of 4 separate experiments. * 
Different from control, # Different from UV and control; P < 0.05 
ANOVA. 



SWEENEY, NGUYEN, AND HINSHAW: CASPASE INHIBITION 69 

sion into the apoptotic pathway [9]. They demonstrated 
a direct relationship between onset of PMN apoptosis 
and loss of functions including the ability to change 
shape, migrate toward chemotactic peptides, degranu- 
late l5i;ic enzymes, and produce reactive oxidemt spe- 
cies. Early in the apoptotic process, a cascade of cys- 
teine proteases (the caspase family) is activated [11- 
13]. These enz3mies are present as inactive zjmiogens 
that become active when cleaved by upstream caspases 
and act to cleave specific substrates at the aspartate 
residue [14]. Caspase-3 is a downstream member of 
this cascade and is felt to be the central effector of the 
execution phase of apoptosis in many cell lines [15]. In 
undertaking the current study, we hypothesized that 
PMN function, as evidenced by oxidant production, 
could be restored in PMN induced to undergo apoptosis 
by inhibition of caspase-3. 

In an attempt to accelerate and synchronize the ap- 
optotic process, we have developed an ultraviolet 
irradiation-accelerated model of PMN apoptosis [17]. 
In the current study, exposing PMN to a short course of 
UV irradiation (15 min) accelerated the apoptotic pro- 
cess with approximately 70% of cells demonstrating 
features of apoptosis by 2 h post-UV treatment and 
close to 90% of cells demonstrating apoptotic morphol- 
ogy by 4 h post UV treatment. This was associated with 
a significant decrease in oxidant production in UV- 
treated PMN at 2 and 4 h post-UV treatment confirm- 
ing that PMN lose oxidative function as they become 
apoptotic. 

Caspase-3 activity was also significantly upregu- 
lated in UV-treated PMN at the corresponding 2- and 
4-h time points. Pretreatment of PMN with DEVD-fmk 
(an irreversible caspase-3 inhibitor) for 30 min prior to 
UV treatment completely blocked the increases in 
caspase-3 activity at each time point and was associ- 
ated with a significant increase (5-fold at 4 h) in PMN 
oxidant production. This suggests that activation of 
caspase-3 during PMN apoptosis is associated with loss 
of PMN oxidative function and that components of the 
cellular machinery required for PMN oxidant produc- 
tion may actually be a substrate that is cleaved and 
inactivated by the caspase system. 

Unfortunately complete inhibition of caspase-3 ac- 
tivity by DEVD-fmk was only associated with a partial 
protection of PMN oxidant production when compared 
to control PMN. One possible explanation for this find- 
ing may be that at 2 and 4 h, the number of apoptotic 
PMN in the UV-l-DEVD treatment group was slightly 
greater than the number of apoptotic PMN in the con- 
trol group (19 ± 2% vs 28 ± 2% and 24 ± 3% vs 39 ± 
3%; control vs UV+DEVD at 2 and 4 h, respectively). 
Although these differences are statistically significant 
at the 4-h time point, they can at best only partially 
explain the decreased oxidant production in the 
UV-^DEVD-treated PMN. 

Another explanation is that signaling events in the 
initiation phase of PMN apoptosis, which are proxi- 
mal to caspase-3 activation, may also cause disman- 
tling of the cellular machinery required for PMN 
oxidant production in apoptotic PMN independent of 
caspase-3 activity. There are at least two major path- 
ways that lead to caspase-3 activation [21]. 
Caspase-8 is the proximal-most caspase in receptor- 
mediated (e.g., Fas/APO-1-induced) apoptosis. Trig- 
gering the CD95 (Fas) receptor leads to activation of 
caspase-8 which in turn leads to activation of 
caspase-3. Caspase-8 has also been shown to activate 
all known caspases in vitro [22]. Caspase-9 is the 
proximal-most caspase in chemical-induced apopto- 
sis. Mitochondrial release of cjiiochrome c, in the 
setting of chemical-induced apoptosis, leads to acti- 
vation of caspase-9, which in turn activates 
caspase-3.. Caspase-mediated cleavage of_ several 
proteins important in neutrophil functions, includ- 
ing gelsolin, actin, ERK, and p38 MAPK, has been 
previously reported in apoptotic human neutrophils 
and may in part explain our current results [23-25]. 
Another possibility is that components of the 
NADPH oxidase system, which are required for oxi- 
dant production in human neutrophils, are directly 
cleaved by caspases which are activated proximal to 
caspase-3 in the caspase cascade. These proximal 
caspases may also cleave substrates or proteases 
that are responsible for the progression of apoptosis 
in human neutrophils independent of caspase-3 ac- 
tivation. Further work is underway to delineate the 
role of these proximal caspases on loss of PMN oxi- 
dant production in apoptotic PMN. 

In summary, the current study demonstrates that 
UV-accelerated PMN apoptosis is associated with a 
significant increase in caspase-3 activity and a corre- 
sponding decrease in PMN oxidant production. Inhibi- 
tion of caspase-3 activity with DEVD-fmk (an irrevers- 
ible caspase-3 inhibitor) blocked PMN apoptosis and 
partially protected PMN oxidant production. This sug- 
gests that signaling events in the initiation phase of 
PMN apoptosis, which are proximal to caspase-3 acti- 
vation, may in part be responsible for loss of oxidant 
production in apoptotic PMN independent of caspase-3 
activity. 
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The objective of this study was to understand factors 
responsible for apoptotic body formation and release 
during apoptosis. We have foxuid that inhibition of 
mono-ADP libosylation after ultraviolet (UV) Ught in- 
duction of apoptosis in HL-6Q cells does not block 
caspase-3 activation, gelsolin cleavage, or endonucleo- 
l}i:ic DNA fragmentation. However, the cytoskeletal fea- 
tures of apoptosis leading to apoptotic body formation 
and release were inhibited by meta-iodobenzylguani- 
dine QMEBG) and novobiocin, potent inhibitors of argin- 
ine-specific mono-ADP-ribosyltransferases (mono-AD- 
PRTs). Suppression of mono-ADP ribosylation as late as 
120 min following UV irradiation blocked the depoly- 
merization of actin and release of apoptotic bodies. This 
suggested that the cytoskeletal changes of apoptosis 
may be decoupled from the caspase cascade and that 
there may be a biochemical event either distal to or 
independent of caspase-3 that regulates apoptotic body 
formation. To test the hypothesis that ADP ribosylation 
of actin may occiu- with the induction of apoptosis, an in 
vivo assay of mono-ADPRT activity using an antibody 
against ADP-ribosylarginine was used. An approxi- 
mately 64% increase in the ADP ribosylation of actin was 
observed at 2 h following exposure to UV light. When 
MEBG or novobiocin was present, the ADP ribosylation 
of actin was only 14-18% above the levels observed in 
control nonirradiated cells. The current study is the first 
to demonstrate a relationship between ADP-ribosyla- 
tion of actin and the formation of apoptotic bodies. 
O 2001 Academic Press 
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Apoptosis is characterized morphologically by cell 
volume shrinkage, chromatin condensation and frag- 
mentation, and the formation and release of apoptotic 
bodies (1). The role of the C3^oskeleton in the morpho- 
logic changes of apoptosis has been well documented 
(see Refs. 2 and 3 for recent reviews). The mechanism 
responsible for coordinating the formation and release 
of apoptotic bodies, however, is poorly understood. The 
goal of this study was to elucidate events leading to the 
formation and release of apoptotic bodies. 

A component of the cj^oskeleton which has been 
widely studied in the context of apoptosis is the micro- 
filament network. Microfilaments help to regulate cell 
shape and motility, and are made up of a backbone of 
polymerized or filamentous (F)-actin. Each actin fila- 
ment, which consists of uniformly oriented molecules of 
globular (G)-actin, has a polar structure. The minus 
(pointed) end grows slower than the plus (barbed) end 
(4). Cotter et al. (5) showed that pretreatment of the 
human leukemic cell line HL-60 with cytochalasins, a 
family of fungal toxins which induce actin depolymer- 
ization by blocking growth of actin filaments at the 
barbed end, suppressed formation and release of apo- 
ptotic bodies following UV irradiation. Although cellu- 
lar fragmentation and apoptotic body formation were 
found to be dependent on a functional actin filament 
system, the nuclear changes of apoptosis (i.e., chroma- 
tin condensation and endonucleoljiiic cleavage of DNA) 
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were not prevented by pretreatment with cytochala- 
sins (5). 

Previous work from our laboratory (6) using HL-60 
cells extended the observations of Cotter et al. (5). 
Using a combination of fluorescence microscopy and 
direct measurements of F-actin through SDS-PAGE 
and flow cjrtometry, a djniamic series of changes were 
found to occur in the F-actin content within cells in- 
duced to undergo apoptosis. Actin filament assembly at 
the base of the plasma membrane budding process is 
an important early element in the formation of apopto- 
tic bodies. Subsequently, generalized depolymerization 
of F-actin within the cells is critical for the release of 
the apoptotic bodies from dying cells (6). 

Early in the apoptotic process, a family of cysteine 
proteases (i.e., the ca:spase family) is activated, which 
cleaves specific substrates at the aspartate residue. 
Caspases are present as inactive zymogens and become 
active upon cleavage by other caspases (7). Caspase-3 is a 
central effector of the caspase cascade (8) and, as a down- 
stream caspase, is believed to be a critical determinant of 
the morphologic events which define the apoptotic phe- 
notype (9,10). Although caspase inhibition probably can- 
not change the ultimate fate of the cell, it is thought that 
the form of death (i.e., necrosis vs apoptosis) is very much 
dependent on caspase activity (11). 

Gelsolin is a cytoskeletal protein which severs F- 
actin and caps the barbed end of a newly severed actiri 
filament (12). It has been reported that gelsolin is a 
prominent substrate for caspase-3 (13) and that 
caspase-mediated cleavage of gelsolin to an active 
Ca^'^-independent form leads to fragmentation of the 
nucleus and disassembly of the cji;oskeleton. This has 
led to the hjrpothesis that caspase-cleaved gelsolin may 
regulate downstream morphological changes observed 
during apoptosis (13). 

Mono-ADP-ribosylation is a posttranslational modi- 
fication catalyzed by mono-ADP-ribosyltransferases 
(mono-ADPRTs), which transfer the ADP-ribose moi- 
ety of NAD to specific protein residues such as arginine 
and cysteine (14, 15). Several bacterial toxins have 
been reported to have mono-ADPRT activity (16). ADP 
ribosylation of G-actin has been hypothesized to be one 
mechanism which may account for depolymerization of 
actin (17-19). ADP ribosylation of actin mediated by 
Clostridium perfringens iota toxin (17) or a purified rat 
brain mono-ADPRT (18) has been shown to induce 
actin depoljTnerization in vitro. Additionally, nitric ox- 
ide-dependent ADP ribosylation of actin in subcellular 
fractions has been associated with depolymerization of 
actin in human neutrophils (19). Recently it was re- 
ported that mono-ADP-ribosylation of desmin may reg- 
ulate the assembly of intermediate filaments (20). 
Whereas ADP-ribosylated G-actin has been shown to 
act as a capping protein and thereby inhibit farther 
addition of monomeric actin to the filament (21), ADP- 

ribosylated desmin does not interfere with the assem- 
bly of immodified desmin. Rather, ADP-ribosylated 
desmin simply fails to assemble (22). 

Although endogenous mono-ADP-ribosylation of a 
protein(s) has not been associated with the apoptotic 
process, pretreatment with up to 1 mM meta-iodoben- 
zylguanidine (MIBG), a potent inhibitor of arginine- 
specific mono-ADPRT (23), has been demonstrated to 
suppress TNF-alpha-induced DNA fragmentation in 
U937 cells in a dose-dependent manner (24). Pretreat- 
ment with 1 mM 3-aminobenzamide (3-ABA) and ben- 
zamide, inhibitors of poly-(ADP-ribose) polymerase 
(PARP), has been shown to block cell shrinkage and 
apoptotic body formation in HL-60 cells (25). PARP 
inhibitors, particularly at higher concentrations, may 
also inhibit mono-ADPRT (26). Where these inhibitors 
act relative to the execution phase events of apoptosis 
(e.g., caspase-3 activation and gelsolin cleavage) has 
not been characterized. It is not known whether the 
suppression of morphological changes mediated by 
these agents is secondary to inhibition of caspase acti- 
vation. In this report we test the hj^pothesis that mono- 
ADP ribosylation may be a critical requirement for 
apoptotic body formation and that this process occurs 
distal to caspase-3 activation. 

EXPERIMENTAL PROCEDURES 

Materials. All cell culture products were purchased from Gibco 
(Rockville, MD). All fine biochemicals were from Sigma. iV-(7-nitro- 
benz-2-oxa-l,3-diazol-4-yn-phallacidin (NBD-phallacidin) was pur- 
chased from Molecular Probes (Eugene, OR). The caspase-3 sub- 
strate, Ac-DEVD-AMC, was purchased from Pharmingen (San Di- 
ego, CA). The anti-actin antibody used for immunoprecipitation was 
a goat polyclonal antibody from Santa Cruz Biotechnology. The anti- 
actin antibody used for Western blotting was a rabbit polyclonal 
antibody from Biomedical Technologies Inc. (Stoughton, MA). The 
anti-ADP-ribosylarginine antibody (R28) was a rabbit polyclonal an- 
tibody and has been previously characterized (27). The monoclonal 
anti-gelsolin antibody was obtained from Sigma. 

Cell culture and treatments. HLi-60 cells obtained from American 
Type Culture Collection (ATCC, Rockville, MD) were grown in RPMI 
1640 supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 
100 U/ml penicillin, and 100 /ig/ml streptomycin. All experiments 
were done with exponentially growing cells. Apoptosis was induced 
by exposing 2-3 X 10° cells/ml in 6-well plates or 100-mm tissue 
culture dishes at room temperature to UV light (302 nm wavelength) 
2.5 cm from the trsinsilluminator surface for 15 min. 

The effective concentrations of MIBG (450 fiM) and novobiocin 
(600 /iM), another potent inhibitor of arginine-specific mono-ADP- 
ribosylation (28), were determined by microscopic studies on cellular 
morphology. Higher concentrations of the inhibitors alone resulted 
in moderate to severe toxicity. The selected concentration of MIBG 
was also in the range of concentrations previously reported to inhibit 
endonucleolytic DNA fragmentation when added prior to TNF-alpha 
treatment (24). It should be noted that, in contrast to the aforemen- 
tioned study, the current study examined the effect of inhibiting 
mono-ADP-ribosylation following induction of apoptosis. 

Measurement ofcaspase-3-like activity. At 30, 60, or 90 min after 
UV irradiation 5 X 10° HL-60 cells were treated with 450 fM MIBG. 
At 2 h after UV irradiation, the cells were harvested and resus- 
pended in 100 jxl lysis buffer (Pharmingen No. 21425A) and frozen at 
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-70°C until the time of assay. The caspase-3 activity was assayed in 
a 96-well plate in a 200 jxl reaction volume using a modification of the 
Phanningen method. TTie cell lysate (100 jtil) was combined with an 
equal volume of 2X assay buffer (40 mM Hopes pH 7.5,20% glycerol, 
4 mM DTT, 40 iM Ac-DEVD-AMC). The fluorescence of AMC re- 
leased was read at 380 imi excitation and 450 nm emission in an 
HTS7000 Bioassay Reader (Perkin-Elmer, Norwalk, CT) every 5 min 
for 30 min at 37°C. The fluorescence increase was linear during the 
30-min period. The caspase-3-like activity was expressed as pmol 
AMC released per min per 0.5 X 10' cells. 

NBD-phallacidin assay of F-actin content. Changes in F-actin 
content were detected flow cytometrically using a modification of a 
previously described method (29). Cells (0.5 X 10°) were pelleted and 
resuspended in 90 iiX Ca'* fi-ee HSB (5 mM KCl, 1.5 mM NaCl, 1 mM 
MgCla, 0.3 mM MgSO^, 10 mM Hopes pH 7.4) and fixed with an 
equal volume of 8% formaldehyde. After 1 h at room temperature the 
cells were permeabilized and stained by adding 180 ;i,l of staining 
cocktail (0.2 mg/ml lysophosphatidylcholine, 8% formaldehyde, 10 U/ml 
NBD-phallacidin). Tlie samples were incubated at room temperature in 
the dark for 1 h and analysed with a fiow cj^meter (FACScan, Becton- 
Dickinson, San Jose, CA), using a 15-mW ai^on-ion laser for excitation 
at 488 nm. Data fi"om 5000 events were acquired and analyzed with 
CELLQuest software (Becton-Dickinson). 

Western blotting. Whole cell lysates were harvested at various time 
points. Following SDS-PAGE (30), the proteins were transferred to 
nitrocellulose and immunoblotted according to standard protocols (31), 
The bands detected using the ECL-Plus kit (Amersham) were quanti- 
fied with a Phosphor Imager (Molecular Dynamics). 

Measurement of endonucleolytic DNA cleavage. DNA from 3 X 
10" cells was extracted using a modification of the method of Laird et 
al. (32) as described in Levee et al. (6). Samples were loaded onto a 
1.6% agarose gel and run at lOOV for 1.5 h. 

Detection of in vivo ADP-ribosylation of actin. As an in vivo 
measure of mono-ADPRT activity, a previously characterized anti- 
body against ADP-ribosylarginine (27) was used to determine if 
ADP-ribosylation of actin occurs with the induction of apoptosis. 
Actin was immunoprecipitated from HL-60 cells and immunoblotted 
using the antibody. Briefly, 1.5 X 10' HL-60 cells resuspended in 5 
ml nonrial growth media were plated in 100-mm tissue culture 
dishes and were left untreated or exposed to UV light. At 2 h, the 
cells were washed with PBS and resuspended in 1.5 ml RIPA buffer 
(9.1 mM Na2HP04, 1.7 mM NH2PO4, pH 7.4; 150 mM NaCl; 1% 
Nonidet P-40; 0.5% sodium deoxycholate; 0.1% SDS) to which 5 mM 
3-aminobenzamide, 20 /i.g/ml dihydrocytochalasin B (HjCB), and 
protease inhibitors (16 ^ml benzamadine HCl, 10 /xg/ml phenan- 
throline, 10 juig/ml aprotinin, 10 ftg/ml leupeptin, 10 (xg/ml pepstatin 
A, 1 mM PMSF) were added. After 30 min incubation on ice the lysates 
were passed through a 21-gauge needle several times. Actin was im- 
munoprecipitated from the lysates according to the Santa Cruz Biotech- 
nology protocol using a goat polyclonal anti-actin antibody conjugated to 
agarose. Following electrophoresis and transfer to nitrocellulose, the 
membreme was immimoblotted using an anti-ADP-ribosylarginine tm- 
tibody as previously described (27). The membrane was then stripped 
according to the Amersham-Pharmacia Biotech protocol and reprobed 
using a rabbit anti-actin antibody (BTI). 

Assay of hydroxylamine sensitivity. The ADP-ribosylarginine 
linkage has been shown to be sensitive to hydroxylamine treatment 
(33). To confirm the specificity of the anti-ADP-ribosylarginine anti- 
body, we treated actin with hydroxylamine using a modification of a 
previously described method (27). Briefiy, 5 /xg of purified human 
platelet actin (Cjrtoskeleton Inc., Denver, CO) was incubated in 10 /xl 
total volume of sensitivity assay buffer (50 mM Hepes, pH 7.4, and 
0.5% SDS) with or without 1 M hydroxylamine (NH2OH). Following 
an overnight incubation at 37°C, the volume in each sample was 
adjusted to 100 ^l\ by adding Laemmli sample buffer (Bio-Rad, Her- 
cules, CA) and 50 pil of each sample was run on a 10% Tris-HCl gel 

(Bio-Rad). Following electrophoresis and transfer to nitrocellulose, 
the membrane was immimoblotted using the anti-ADP-ribosylargi- 
nine antibody as previously described (27). The membrane was then 
stripped and reprobed with an anti-actin antibody. 

RESULTS 

Timing ofApoptotic Body Formation and Release in 
UV-Irradiated HL-60 Cells 

The time course of apoptotic body formation and 
release during UV-induced apoptosis in HL-60 cells is 
depicted in Fig. 1. In the lower left region of each dot 
plot are events with small forward scatter and low 
F-actin content, characteristic of apoptotic bodies (6, 
34, 35). A substantial decrease in F-actin was first 
observed at 60 min after UV irradiation. At this point, 
the cells began to release apoptotic bodies. By 120 min, 
more than 40% of the events analyzed flow cytometri- 
cally had the characteristics of apoptotic bodies or de- 
bris. Actin continued to depoljrmerize during this time. 
At 3 h, a ftirther decrease in F-actin was observed and 
almost 60% of the events had the flow cjiiometric char- 
acteristics of apoptotic bodies. 

Effect of Inhibiting Mono-ADPRT Activity on 
Apoptotic Morphology of UV-Irradiated HL-60 Cells 

To examine the effect of inhibiting mono-ADPRT on 
the apoptotic morphology of UV-treated HL-60 cells, 
cj^tospins were prepared and stained with Wright-Gi- 
emsa at 3 h after UV exposure (Fig. 2). By 3 h most of 
the cells treated with UV alone exhibited shrinkage of 
cell volume, chromatin condensation, and budding of 
the plasma membrane. Some of the apoptotic buds had 
already been released as apoptotic bodies from the 
dying cells (Fig. 2B). To determine the temporal rela- 
tionship of mono-ADPRT activity to the morphologic 
events of apoptosis, we examined the effect of inhibi- 
tion of mono-ADPRT activity with MIBG or novobiocin 
treatment at various time points after UV irradiation. 
Cells in which mono-ADPRT activity was inhibited by 
addition of MIBG (Fig. 2C) 30 min after the induction 
of apoptosis appear morphologically similar to un- 
treated cells (Fig. 2A). There was relatively little chro- 
matin condensation and no apoptotic body formation. A 
continued suppression of apoptotic body formation was 
observed when either inhibitor was added 60 min fol- 
lowing UV irradiation; however, nuclear condensation 
was more pronounced (Figs. 2D and 2F). Cells that 
were given MIBG 90 min after UV demonstrated sub- 
stantial but not complete inhibition of apoptotic body 
formation and had an irregular morphology. However, 
these cells did not appear to release apoptotic bodies 
(Fig. 2E). Treatment of HL-60 cells with MIBG or no- 
vobiocin alone for 2.5 h did not significantly alter cel- 
lular morphology (data not shown) as compared to the 
control (Fig. 2A). 
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FIG. 1. Time course of apoptotic body formation and release in UV-treated HL-60 cells. At the indicated time points, cells were fixed and stained 
with NBD-phallacidin and analyzed by flow cytometry. iForward scatter (horizontal axis) represents cell size and the NBD-phallacidin fluorescence 
(vertical axis) represents relative F-actin content. Note the progressive decrease in F-actin and the shift of cellular events into the lower left region 
during the time course of apoptosis. The vertical line represents gating done on the intact cellular population in the control to aid in differentiating 
cells from apoptotic bodies (forward light scatter < 350). Dot plots are from a representative experiment. 

The Effect of Inhibiting Mono-ADPRT Activity on 
F-Actin Content and Apoptotic Body Formation 

To determine if the MIBG- and novobiocin-mediated 
suppression of apoptotic body formation and release 
was due to inhibition of actin depolymerization, the 
flow cjiiometric assay of actin polymerization was used 
(Fig. 3). Three hours following UV irradiation a mas- 
sive decrease in F-actin content (70% less F-actin than 
control) was observed. More than 60% of the events 
analyzed had flow cytometric characteristics of apopto- 
tic bodies. The addition of MIBG up to 120 min after 
UV irradiation partially prevented the loss of F-actin 
(53% of control compared to 33% of control for UV 
alone) and significantly blocked the release of apoptotic 
bodies (shift of events into the lower left region). Sim- 
ilarly, when mono-ADPRT activity was inhibited with 
the addition of 600 fiM novobiocin 60 min following UV 
irradiation, only 23% of the events shifted into the left 
region and the F-actin content was substantially pre- 
served (78% of control). This indicates that these in- 
hibitors specifically suppress the release of apoptotic 
bodies and may inhibit depolymerization of a pool of 
actin filaments necessary for this process. Although 
treatment with novobiocin alone for 2 h did not have an 
effect in control cells, exposure to MIBG for 2 h caused 
a moderate (11%) decrease in the F-actin content in 
untreated cells not undergoing apoptosis. 

Kinetics of Caspase-3 Activation and the Effect of 
Inhibiting Mono-ADPRT Activity 
on Caspase-3 Activity 

To determine the timing of caspase-3 activation in 
response to UV treatment, HL-60 cells were harvested 
every 15 min for 2.5 h following UV exposure and the 
caspase-3-like activity was measured as described un- 
der Experimental Procedures. Figure 4 inset demon- 
strates that a measurable activity was first seen at 60 
min following UV treatment. By 2 h caspase-3 was 
almost fully active. To determine if the effect of inhib- 
iting mono-ADPRT activity on the actin cj^oskeleton 
and apoptotic body formation was due to suppression of 
caspase-3 activation, MIBG was added at various time 
points after UV exposure and the caspase-3-like activ- 
ity was measured at 2 h. UV irradiation resulted in 
approximately a 10-fold induction of caspase-3 activity. 
Treatment of cells with MIBG even as early as 30 min 
following the induction of apoptosis did not produce an 
attenuation of caspase-3 activation (Fig. 4). 

Effect of Inhibiting Mono-ADPRT Activity on 
Caspase-Dependent Events: Gelsolin Cleavage and 
Endonuclease Activation 

We next examined the effect of MIBG treatment on 
events downstream of caspase-3 (Fig. 5). To deter- 
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FIG. 2. The effect of MIBG and novobiocin on the morphology of HL-60 cells undergoing UV-induced apoptosis. Cytospins of HL-60 cells 
were stained with Wright-Giemsa at 3 h after apoptosis was induced by UV irradiation. In some samples cells were also exposed to 450 ju,M 
MIBG or 600 ^xM novobiocin added at different times after UV exposure. (A) Control, uninjured cells. (B) Cells at 3 h after exposure to UV 
alone. (C-E) Cells treated with MIBG at 30, 60, and 90 min, respectively, following UV irradiation and then examined at 3 h after UV. (F) 
Cells treated with novobiocin at 60 min following UV exposure and stained 2 h later. 400 X Original magnification. Note the presence of 
nuclear condensation and fragmentation and the absence of apoptotic body formation or release with MIBG or novobiocin intervention in 
UV-injured cells. Indeed, the presence of condensed, fragmented chromatin in the otherwise intact cells took on the appearance of 
"chocolate-chip cookies." 

mine if MIBG-mediated suppression of morphologi- 
cal changes in apoptotic cells are through inhibition 
of gelsolin activation, we performed Western blot 
analysis of gelsolin cleavage using whole cell lysates 

harvested at 3 h after UV exposure. The induction of 
apoptosis results in cleavage of the full length prod- 
uct to 39- and 41-kDa fragments (13). The monoclo- 
nal antibody recognizes the 41-kDa fragment. Figure 
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FIG. 2—Continued 

5A shows that the addition of MIBG at 30 or 60 
min after UV irradiation did not block cleavage of 
gelsolin. 

To confirm the finding in Fig. 2 that the effects of 
treatment with MIBG or novobiocin following an apo- 
ptotic stimulus are specific for morphologic changes 
related to apoptotic body formation and release, we 
performed agarose gel analysis of DNA isolated from 
cells at 3 h following UV exposure. Figure 5B shows 

that MIBG intervention at 30 or 60 min following UV 
did not block endonucleoljiiic cleavage of DNA. 

ADP Ribosylation ofActin in UV-Irradiated HL-60 
Cells Undergoing Apoptosis 

To test the hypothesis that ADP-ribosylation of actin 
occurs with the induction of apoptosis, an in vivo assay 
of mono-ADPRT activity was used. Immunoprecipita- 
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FIG. 2—Continued 

tion of actin followed by Western blot analysis using an 
£inti-ADP-ribosylarginine antibody revealed a 64% in- 
crease in the ADP-ribosylation of actin at 2 h following 
UV exposure (Fig. 6). When MIBG was added at 30 min 
following UV and cells were harvested at 2 h, the 
ADP-ribosylation of actin was substantially inhibited. 
The ADP-ribosylation of actin (normalized to actin con- 
tent) in these cells was only 14% more than in control 
non-UV-irradiated cells. The addition of novobiocin at 
30 min following UV produced a similar attenuation in 

ADP-ribosylation of actin. When novobiocin was 
present, the ADP-ribosylation of actin in UV-irradiated 
cells was only 18% more than levels observed in control 
untreated cells (data not shown). 

Figure 6 demonstrates that the anti-ADP-ribosy- 
larginine antibody also detects the actin standard. To 
determine whether the signal detected with the actin 
standard, a protein derived from human platelets, is 
reflective of actual ADP-ribosylation or just nonspeci- 
ficity of the antibody, we treated the actin standard 
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FIG. 3. MIBG and novobiocin block the release of apoptotic bodies from dying cells. (A) Control and UV-irradiated HL-60 cells were left 
untreated or treated with 450 ixM MIBG or 600 juM novobiocin at various time points after UV irradiation and at 3 h were fixed and stained 
with NBD-phallacidin and analyzed with a flow cj^meter (FACScan), as indicated in the Experimental Procedures. Dot plots are of forward 
scatter (representative of cell size), horizontal axis, vs F-actin content (NBD-phallacidin fluorescence), vertical axis. The vertical line 
represents gating done on the intact cellular population in the control to aid in differentiating cells from apoptotic bodies (forward light 
scatter s 350). The data are from a representative experiment. Note the dramatic reduction in apoptotic bodies formed and released even 
when inhibition of mono-ADPRT was initiated as late as 2 h after UV induction of apoptosis. (B) Graphical depiction of mean ±SD of 
percentage of events in the left region of the dot plots for three to eight separate determinations, demonstrating a marked protection against 
apoptotic body release when the mono-ADPRT activity has been inhibited following UV exposure. The time course of apoptotic body release 
in UV-irradiated HL-60 cells (from Fig. 1) is shown in the inset for comparison. 
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FIG. 4. Inhibition of mono-ADPRT activity after UV-induction of 
apoptosis does not block caspase-3 activation. UV-irradiated HL-60 
cells were left untreated or were treated with 450 fiM MIBG at 30, 
60, or 90 min after UV exposure. At 2 h after UV exposure (which 
according to the time course of UV-induced caspase-3 activation 
shown in the inset is when caspase-3 is almost fully active), the cells 
were harvested and caspase-3-like activity (DEVDase) was mea- 
sured as indicated under Experimental Procedures. Each bar repre- 
sents the mean ±SD ofn = 3 separate determinations. 

with 1 M NH2OH as described under Experimental 
Procedures. Figure 7 demonstrates that a loss of anti- 
ADP-ribosylarginine immunoreactivity was observed 
following treatment with hydroxylamine. To confirm 
equal loading and to demonstrate that the loss of signal 
following NH2OH treatment was not due to an overall 
loss of immunoreactivity, we stripped the membrane 
and reprobed it using an anti-actin antibody. Approx- 
imately equal signals were obtained in both lanes us- 
ing the anti-actin antibody. 

DISCUSSION 
This study confirms and extends previous work from 

our laboratory (6) and the work of others (5) that the 
nuclear changes (e.g., fragmentation) of the execution 
phase of apoptosis can be decoupled from apoptotic 
body formation. To determine if the morphological 
changes of apoptosis can be inhibited even after 
caspase-3 is activated (beyond the "point of no return"), 
we studied the effect of inhibiting mono-ADP ribosyla- 
tion following the induction of apoptosis. Using MIBG 

FIG. 5. Inhibition of mono-ADPRT activity after UV-induction of 
apoptosis does not block caspase-dependent events. (A) Western blot 
analysis of the effect of MIBG on gelsolin cleavage in UV-irradiated 
cells. Cells were left imtreated or treated with 450 (xM MIBG at 30 
or 60 min time after UV exposure. At 3 h following UV exposure 
whole cell lysates were harvested and immunoblotted using a mono- 
clonal anti-gelsolin antibody that recognizes the 80-kDa fiill-length 
protein and the 41-kDa cleavage product. Lane 1, control untreated 
cells. Lane 2, UV-irradiated cells at 3 h. Lanes 3 and 4, cells treated 
with MIBG at 30 or 60 min, respectively, following UV and harvested 
at 3 h after UV exposure. (B) ^arose gel analysis of DNA isolated 
from control and UV-irradiated cells at 3 h. Lane 1, control imtreated 
cells. Lane 2, UV-irradiated cells at 3 h. Lanes 3 and 4, cells treated 
with MIBG at 30 or 60 min, respectively, following UV and harvested 
at 3 h after UV exposure. MW, XHi/idlll fragments. 

(and in selected experiments, novobiocin), we have 
demonstrated that inhibition of mono-ADP-ribosyla- 
tion after the induction of apoptosis does not block all 
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FIG. 6. In vivo ADP ribosylation of actin in HL-60 cells after UV 
irradiation. Western blot analysis of ADP-ribosylation of immimopre- 
cipitated actin from control and UV-irradiated cells run on a 4-20% 
Tris-HCl gel. The membrane was first immunoblotted using an anti- 
ADP-ribosylarginine antibody (upper panel) and then stripped and 
reprobed with an anti-actin antibody Qower panel). Lane 1, control non- 
UV-irradiated cells. Lane 2, UV-iixadiated cells at 2 h. Lane 3, cells treated 
with 450/iM MIBG at 30 min following UV and harvested at 2 h after UV 
exposure. Lane 4, cell-free sham immunoprecipitation. Lane 5, actin stan- 
dard. HC refers to the heavy chain of the inununoprecipitatii^ antibody. 
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FIG. 7. Hydroxylamine sensitivity of actin ADP-ribosylation. 
Western blot analysis of human platelet actin without or following 
treatment with 1 M NH2OH. The membrane was first immunoblotted 
using an anti-ADP-ribosyl£irginine antibody (upper panel) and then 
stripped and reprobed with an anti-actin antibody (lower panel). 

aspects of the apoptotic process, but specifically sup- 
presses morphologic features of apoptosis related to 
apoptotic body formation and release. Using a combi- 
nation of microscopy and flow cytometry, we found that 
the addition of MIBG as late as 120 min or novobiocin 
as late as 60 min after UV exposure blocks the release 
of apoptotic bodies. Treating cells with MIBG following 
UV exposure does not block activation of caspase-3, 
caspase-dependent gelsolin cleavage, or endonucleo- 
l3^ic cleavage of DNA. An increase in the mono-ADP- 
ribosylation of actin was observed with the UV-induc- 
tion of apoptosis. The mono-ADP-ribosylation of actin 
was inhibitable with MIBG or novobiocin treatment. 

Pretreatment with 3-ABA is thought to directly in- 
hibit changes in the actin cjrtoskeleton during UV- 
Induced apoptosis (36). UV-irradiated human mela- 
noma and epithelial cells pretreated with up to 10 mM 
3-ABA exhibited increased cell ruffling and cell-to-cell 
contact compared to cells treated with UV alone (36). 
The concentrations of 3-ABA used in this study have 
also been shown to block mono-ADPRT activity. Con- 
centrations of 3-ABA as low as 1 mM have been shown 
to inhibit purified mono-ADPRT by 60% (28). In con- 
trast, MIBG is highly selective for mono-ADPRTs be- 
cause it effectively competes with endogenous sub- 
strates for binding to the enzjTne, via its guanidino 
group (23). We have been able to demonstrate in this 
study that MIBG may be added even as late as 2 h after 
induction of apoptosis to selectively inhibit the depoly- 
merization of actin and formation and release of apo- 
ptotic bodies. Comparing the time course of apoptotic 
body formation in Fig. 1 with the MIBG-mediated in- 
hibition of actin depolymerization emd apoptotic body 
formation (Fig. 3) indicates that MIBG stops the pro- 
gression of cji;oskeletal changes during the time course 
of apoptosis. 

Recently, inhibition of caspases by pretreatment 
with the peptide, DEVD, was shown to block the mat- 
uration and release of apoptotic bodies (37). This sug- 
gests that caspase activation may be a critical step 
leading to morphological changes associated with apo- 
ptosis. To determine if prevention of apoptotic body 

formation mediated by inhibiting mono-ADPRT activ- 
ity is through suppression of caspase-3 activation, we 
measured caspase-3-like activity in UV-irradiated 
cells. Figure 4 shows that inhibition of mono-ADPRT 
activity following UV exposure does not block activa- 
tion of caspase-3. Therefore, inhibition of apoptotic 
body formation or release by MIBG and novobiocin is 
not through suppression of caspase activity. The fact 
that apoptotic body formation in cells with already 
activated caspases can be prevented by inhibition of 
mono-ADPRT activity suggests that there is a step(s) 
distal to or independent of the caspase cascade, which 
regulate(s) the morphologic features of apoptosis. 

Caspase-mediated cleavage and activation of gelso- 
lin has been reported to result in microfilament disas- 
sembly and nuclear fragmentation (13, 38). The latter 
is explained by the ability of gelsolin to compete with 
the endonuclease deoxyribonuclease I (DNase I) for 
binding to G-actin (38, 39). Free DNase I, unlike that 
bound to actin, cleaves genomic DNA into multiples of 
180- to 200-bp fragments (40). We have examined the 
effect of MIBG on gelsolin cleavage during apoptosis 
and the associated fragmentation of DNA. Gelsolin 
cleavage and endonucleolytic DNA fragmentation 
progress in UV-treated cells despite inhibition of mono- 
ADPRT activity with MIBG. This indicates that the 
effect of MIBG may be downstream of or separate from 
caspase-mediated gelsolin cleavage/activation and only 
affects cj^oskeletal events during the execution phase 
of apoptosis. Thus, MIBG selectively inhibits apoptotic 
body formation when added following an apoptotic 
stimulus. 

To test the hypothesis that cellular actin may be a 
target of MIBG- and novobiocin-sensitive ADP-ribosy- 
lation, an in vivo assay of mono-ADPRT activity was 
used. Although mono-ADP ribosylation of actin has 
been correlated with actin depolymerization in vitro 
(17-19), this posttranslational modification of actin 
has not been studied in the context of apoptosis. Using 
an in vivo assay of ADP ribosylation, we have been able 
to demonstrate an increase in mono-ADP ribosylation 
of actin with the induction of apoptosis. After normal- 
izing for actin content, an approximately 64% increase 
in the mono-ADP ribosylation of actin was observed at 
2 h following UV exposure. Inhibition with either 
MIBG or novobiocin resulted in a substantial decrease 
in UV-induced ADP-ribosylation of actin. Interest- 
ingly, the anti-ADP-ribosylarginine antibody gives a 
low-level signal not only with the actin isolated from 
control untreated cells (Fig. 6, lane 1), but also with the 
actin standard, a native protein purified from human 
platelets (Fig. 6, lane 5). To confirm the specificity of 
the antibody we treated the actin standard with hy- 
droxylamine, an agent previously reported to remove 
the ADP-ribose moiety from ADP-ribosylated proteins 
(33). Figure 7 demonstrates a loss of the anti-ADP- 
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ribosylarginine antibody signal following treatment 
with hydroxylamine. Reprobing of the membrane with 
an anti-actin antibody results in the reappearance of 
the band in the hydroxlamine-treated lane. This has 
several implications. First of all, the data supports a 
previous report that the antibody specifically recog- 
nizes ADP-ribosylated arginine residues (27). Second, 
the fact that the antibody recognizes the actin stan- 
dard, indicates that ADP-ribosylation is more wide- 
spread than once thought. Finally, low levels of consti- 
tutive ADP-ribosylation of actin may play an impor- 
tant regulatory role in cellular physiology. 

Inhibition of mono-ADP-ribosylation after the induc- 
tion of apoptosis does not block all facets of the execu- 
tion phase of apoptosis, but interestingly does specifi- 
cally suppress actin filament disassembly and apopto- 
tic body formation. Addition of MIBG following UV 
irradiation does not block caspase-3-like activity or 
gelsolin cleavage. This strongly suggests that the effect 
of MIBG with respect to the actin cytoskeleton occurs 
at a point either distal to the caspase cascade and 
caspase-dependent gelsolin cleavage or in a separate 
pathway independent of the caspase system. Our data 
indicates that ADP ribosylation of actin occurs during 
the time course of apoptosis and that this activity is 
inhibited by treatment with MIBG or novobiocin. This 
observation coupled with the overall effect of MIBG on 
apoptotic body formation and release, is consistent 
with the hypothesis that ADP-ribosylation of actin by a 
mono-ADPRT during the execution phase of apoptosis 
may be a step critical for the actin filament changes 
underljdng apoptotic body formation and release. How- 
ever, we must acknowledge that our data does not 
definitively prove that ADP-ribosylation of actin regu- 
lates these morphologic changes. It is possible that the 
increased ADP-ribosylation of actin occurring in HL-60 
cells during apoptosis, although sensitive to inhibitors 
of mono-ADPRT, may not be directly linked to the 
formation and release of apoptotic bodies, events which 
are also sensitive to these same inhibitors of mono- 
ADPRT. Further definition of the role of the mono-ADP 
ribosylation in apoptosis will require molecular char- 
acterization of the enzjoneCs) involved. 

MIBG and novobiocin are useful tools for elucidating 
events during the execution phase of apoptosis which 
coordinate the initiation of the massive actin filament 
depoljTnerization which accompanies the formation 
and release of apoptotic bodies. The current study has 
demonstrated that these distal execution phase events 
involving the actin filament system can be effectively 
decoupled fi"om the caspase cascade. Since at least 
some execution phase events can be inhibited down- 
stream of the caspase cascade, caspase activation may 
not necessarily be the point of no return for some 
aspects of the execution phase of apoptosis. This is not 
to say that inhibition of these processes can prevent 

cell death. This suggests, however, that the cytoskel- 
etal changes of apoptosis may be dissociated fi*om the 
caspase cascade and thus, might be specifically tar- 
geted with chemotherapeutic agents. 
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